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SYNOPSIS 
The main objective of this thesis is to investigate the behaviour of bolted moment end 
plate connections joining square (SHS) and rectangular (RHS) hollow sections subjected 
to pure flexural loading. The studies carried out into this type of connection include 
experimental, theoretical and numerical and design aspects. 
An extensive test programme into the behaviour of two types of bolted end plate 
connections was carried out. The experimental tests were performed on beam splice 
connections lo~ated at the midspan of a beam subjected to four point bending. The four-
point bending arrangement ensured that the connection was subjected to flexural loading 
only. 
The two types of connections tested were classified on the basis of the number of bolts 
used. The first type of connection contained eight bolts located symmetrically around the 
tubular section, while the second contained a row of bolts above and below the tubular 
section. For both types of connection, the effects of the end plate thickness and the 
position of the bolts relative to the section flanges and webs were investigated. These 
investigations revealed that the stiffness and strength of the connection were dependant 
on the strength of the bolts and the relative stiffness of the end plate. 
For !-section moment end plate connections subjected to bending, the stub-tee analogy is 
generally used to determine the ultimate capacity of the connection, considering both the 
prying of the bolts and the formation of a plastic mechanism in the end plate. The model 
developed in this thesis for rectangular hollow sections utilises the principles of the stub-
tee analogy and the yield line analysis, but is modified to consider the alternate 
mechanisms that form in the end plate as a result of the webs being a significant part of 
the rectangular hollow section. The predictions from the model are compared against the 
experimentally derived results and some additional results of similar connections tested 
by other authors. 
1 
The numerical analysis of bolted moment end plate connections joining tubular members 
utilises a commercially available fmite element package and models the connections 
using three-dimensional solid elements. Both geometric and material non-linearities are 
included in the analyses. Each component contained in the connection is modelled as a 
separate entity and verification tests carried out to ensure each component behaves in 
the correct manner. The numerically predicted behaviour for each connection is compared 
with the experimental results. Of particular interest is the moment-rotation response of the 
connection and the forces induced in the bolts. 
The design procedures from Annex J of Eurocode 3 are reviewed and compared with the 
tests results. New design procedures for both the four-bolt and eight-bolt connections for 
the strength and serviceability limit states are also presented, together with fully worked 
design examples. 
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PREFACE 
This thesis is submitted to the University of Sydney, Australia, for the degree of Doctor 
of Philosophy. The work described in this thesis was carried out by the candidate in the 
Department of Civil Engineering at the University of Sydney during the period 1993 to 
1998 under the supervision of Doctor Murray Clarke, Senior Lecturer. 
In accordance with the By-Laws of the University of Sydney governing the requirements 
for the degree of Doctor of Philosophy, the candidate submits that the work presented in 
this thesis is original unless otherwise referenced within the text. In particular, the 
following subjects are claimed as original: 
(I). The complete experimental programme on bolted tubular moment end plate 
connections subjected to pure flexure. 
(2). The modified stub-tee model, for the analysis of moment end plate 
connections containing four bolts joining square and rectangular hollow 
sections. 
(3). The cumulative modified stub-tee model, for the analysis of moment end plate 
connections joining square and rectangular hollow sections, containing eight 
bolts in a doubly symmetric pattern. 
( 4). The modelling and numerical analysis of the bolted tubular end plate 
connections. 
( 5). The design models used for the practical design of the bolted tubular end-
plate connections for the strength and serviceability limit states. 
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written by the author in conjunction with Doctor Murray Clarke, Professor Gregory 
Hancock and Professor Tom Murray. They are: 
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NOTATION 
The following symbols are used in the thesis. The interpretation of a symbol will be 
evident from the context if more than one meaning is assigned to the symbol. 
Latin Letters 
m non-dimensionalised moment parameter 
ae bolt edge distance 
ap distance from centre of bolts to assumed point of prying action 
A, tensile area of the bolts 
b width of beam section 
B load in bolt 
B' load on bolts in compression region 
B1 bolt load for bolts defined by "in-plane bending" 
Bo bolt load for bolts defined by "out-of-plane bending" 
Bu ultimate load of bolt group 
But ultimate load of individual bolt 
By bolt yield load 
Byt yield load of individual bolt 
c distance from bolts to section web 
d depth of beam section 
d' corrected depth of beam 
dbh distance from line of bolts to end of nominal shear region 
d, depth of beam used to calculate external work 
dr bolt diameter 
Dp end plate depth 
eu percentage elongation 
E modulus of elasticity 
fi, plate design stress 
fu ultimate tensile strength 
XIV 
fun nominal ultimate tensile strength 
h yield stress 
hb yield stress of bolt 
hn nominal yield stress 
j;p nominal shear strength of end plate 
Fb force in the tensile flange of section at failure of bolts 
Fint force in the tensile flange for intermediate plate behaviour 
FL shear force on left side of the tensile flange 
F o shear force generated by "out-of-plane" bending 
Fpl force in the tensile flange of section at failure of end plate 
FR shear force on right side of the tensile flange 
F, force in the tensile flange of section 
F thick force in the tensile flange for thick plate behaviour 
Fthin force in the tensile flange for thin plate behaviour 
g distance from bolts to adjacent face of beam section 
h percentage of load carried by "out-of-plane" bolts 
h, the equivalent distance at which the bolt load is applied 
Jb second moment of area of beam section (about bending axis) 
k; the stiffness of the ith component of the connection 
/8 length of bolt 
lc horizontal contraction between vertical rods 
l, horizontal elongation between vertical rods 
l; length of the ith yield line 
l, horizontal distance from vertical rod to midpoint of connection 
l,r nominal shear length around section flange 
lsw nominal shear length around section webs 
lt vertical distance between lateral displacement transducers 
Ruv the length of the yield line between planes u and v 
Rxuv length of yield line uv in the x direction 
Ryuv length of yield line uv in they direction 
Lb length of the connected beam in the structural system 
Leff the effective end plate width 
mp plastic moment capacity per unit length 
XV 
M 
Mcbs 
Mcint 
Mcp 
Mcpred 
Mcps 
Mcs 
Mcthick 
Mcy 
M, 
M,v 
Mnp 
Mv 
Mpred 
Mps 
MRd 
M, 
Msd 
n 
N 
connection moment 
predicted capacity of end plate connection using ABAQUS 
bending capacity of bolt 
moment applied to the connection 
connection ultimate capacity limited by bolt failure 
connection serviceability capacity limited by bolt failure 
moment capacity for cumulative intermediate end plate behaviour 
connection ultimate capacity limited by plate failure 
predicted capacity of end plate connection using cumulative stub-tee 
method 
connection serviceability capacity limited by plate failure 
connection serviceability capacity 
moment capacity for cumulative thick end plate behaviour 
moment capacity for cumulative thin end plate behaviour 
connection ultimate moment 
connection yield moment 
moment of the ith plastic hinge 
moment capacity for intermediate end plate behaviour 
plastic moment generated in the ith yield line 
nominal full plastic moment of beam section 
full plastic moment of beam section 
predicted capacity of end plate connection 
moment defined by end plate shear capacity 
design capacity of connection according to Eurocode 3 
section plastic design capacity 
applied moment used to determine stiffness of connection 
moment capacity for thick end plate behaviour 
moment capacity for thin end plate behaviour 
ultimate moment of the connection 
moment causing the formation of a plastic mechanism 
number of bolts 
the vector defining the normal to plane u 
the vector defining the normal to plane v 
axial load applied to connection 
xvi 
p 
p, 
p 
Qomax 
s 
So 
So ' 
Soi 
Soo 
s 
s 
feb 
!cbs 
fcp 
!cps 
fcs 
fmax 
t, 
t, 
pitch of bolts above and below section 
connection end plate separation 
tensile load applied to stub-tee 
potential capacity of a row of bolts 
bolt pre-load (also referred to as initial Tension To Section 3.2) 
ultimate tensile load 
tensile yield load 
prying force 
prying forces defined by "in-plane bending" 
maximum prying forces obtainable by "in-plane bending" 
maximum attainable prying force 
prying forces defined by "out-of-plane bending" 
maximum prying forces obtainable by "out-of-plane bending" 
prying force at ultimate load 
connection rotation capacity 
connection ductility limit 
connection rotation requirement 
leg length of fillet weld 
distance from bolts to section flange 
corrected distance from bolts to section flange 
distance from flange of section to line of bolts "in-plane" 
distance from web of section to line of bolts "out-of-plane" 
plastic section modulus 
stiffness of the connection at the moment Msd 
initial stiffness of connection according to Eurocode 3 
end plate thickness governed by ultimate bolt failure 
end plate thickness governed by serviceability bolt failure 
end plate thickness governed by ultimate plate failure 
end plate thickness governed by serviceability plate failure 
end plate thickness governed by serviceability 
maximum end plate thickness 
end plate thickness 
beam section thickness 
serviceability limit state end plate thickness 
XVll 
fu ultimate limit state end plate thickness 
T tensile load in bolts 
To initial tension or pre-load of bolts (used in theory, Section 3.2) 
Tu ultimate tensile strength of bolts 
ub internal work generated in bolts 
Up internal work generated in end plate 
v shear per unit length in the end plate 
WE virtual external work 
Weq equivalent end plate width 
w1 virtual internal work 
Wp end plate width 
z lever arm to determine initial stiffness of connection 
xvm 
Greek Letters 
8 applied virtual displacement 
4, displacement induced into bolt i 
00 initial end plate deformation 
Be strain in compressive flange of section 
s, strain in tensile flange of section 
&eng engineering strain 
s1~1 logarithmic plastic strain 
77 elastic stiffness reduction factor 
Be rotation of connection 
Beu connection rotation at ultimate moment 
Bey connection rotation at yield moment 
Be rotation at yield moment 
Bvu rotation at ultimate load 
Bs rotation of beam section 
B, total rotation over a finite beam length 
Buv the rotation of the yield line between planes u and v 
Bxuv rotation of yield line uv in the x direction 
Byuv rotation of yield line uv in they direction 
B non-dimensionalised rotation parameter 
jjR ductility requirement as defined by Borhjovde 
O"eng engineering stress 
O"true corrected engineering stress (true stress) 
O"y yield stress of end plate 
tf;t, reduction factor based on bolt failure 
!/Jed rotation capacity of connection 
1/Jp reduction factor based on plate failure 
If/ stiffness reduction factor 
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Chapter 1 
INTRODUCTION 
1.1 BACKGROUND 
In recent years, the use of tubular members in steel building frames has increased 
markedly. This trend can be attributed to advances in the cold-formed manufacturing 
process, enabling the economical production of cold-formed rectangular hollow sections, 
and the significant aesthetic appeal of tubular members. When these factors are coupled 
with the additional advantages of closed sections (high torsional stiffuess and thus less 
tendency to buckle in a flexural-torsional mode), tubular members become a better 
alternative to traditional I -sections for many applications. 
While there is a notable use of tubular members in prominent architectural structures, 
they are also becoming a more significant feature of "mainstream" steel structures such as 
industrial portal frames (Wilkinson and Hancock, 1997) and multi-storey steel frames. 
The economics of prefabrication mean that the tubular connections in these frames are 
moving from traditional welded connections, as found in trusses and off-shore structures, 
to bolted connections that are prefabricated, transported and assembled on site. 
A variety of different bolted tubular connections are described in the CIDECT Design 
Guide for Rectangular Hollow Section Joints under Predominantly Static Loading 
(Packer et al., 1992), Design Guide for Hollow Structural Section Connections (Packer 
and Henderson, 1992), and Design of Structural Steel Hollow Section Connections (Syam 
and Chapman, 1996). The majority of the bolted connections currently used in tubular 
structures would be classified as flexible connections, while the welded connections tend 
to be rigid. For the application of tubular members to frame structures with flexural 
actions, moment resisting bolted end plate connections similar to those fabricated for !-
section members are required. The bolted moment end plate connection incorporating 
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tubular members (Figure 1.1) is one such connection, although no appropriate design 
model currently exists for this connection type (Chapman et al, 1994). 
Three variants of typical bolted moment end plate connections used in tubular structures 
are shown in Figure 1.1. The beam splice connection (Figure l.la) is typically used in 
portal frames, while the beam-column connection (Figure 1.1 b) may be found in multi-
storey structures. The base plate connection (Figure 1.1 c) is common in portal and multi-
storey frames and can be designed to resist significant moments. 
While the derivation of simple and economical design procedures for connections is 
important, it should also be noted that as a result of the advent of more powerful 
computers and computer analysis programs for non-linear frame analysis, there is 
substantial interest in assessing and utilising the moment resistance provided by semi-
rigid connections. Current steel design standards such as the AISC LRFD Specification 
(AISC, 1991), Eurocode3 (CEN, 1994) and the Australian Standard AS 4100-1990 (SA, 
1990), all allow for the design of semi-rigid connections within a structure, provided the 
designer can quantify the moment-rotation behaviour, or at least the initial linear stiffuess, 
of the connection. 
Various formulae to describe the moment-rotation behaviour of connections utilising !-
sections have been presented in the literature, and the majority of these are curves fitted to 
data derived from experimental work. Efforts to tabulate this data have been made by 
Bjorhovde et al., (1988) and Chen and Kishi (1989). To develop a corresponding database 
for tubular connections, it is important that the experimental moment-rotation behaviour 
and relevant experimental parameters are readily accessible. 
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1.2 BOLTED END PLATE CONNECTIONS 
Bolted moment end plate connections joining !-sections have been used extensively and, 
as a result, considerable documentation on their behaviour exists in the literature (for 
example, Grundy et al., 1980; Murray, 1988; Kukreti et al., 1990). In this thesis, it is 
recognised that there are similarities between the behaviour of bolted moment end plate 
connections joining tubular sections and the corresponding !-section connections. The 
aim of this section of the thesis is to explain several concepts which are central to the 
behaviour of connections in general, and end plate connections in particular. These 
concepts include prying action, end plate behaviour, moment rotation behaviour, 
classification schemes and rotation capacity. 
1.2.1 End Plate Behaviour 
The behaviour of end plate connections is directly related to the stiffness of the end plate 
as outlined by Packer and Morris (1977) and Grundy et al, (1980). In the literature, the 
behaviour of an end plate is described in terms of the end plate stiffuess and the moment 
applied to the connection. In this thesis, the three types of end plate behaviour as defmed 
by Packer and Morris ( 1977) are discussed. The types of behaviour are referred to as 
"thiclf' plate behaviour, "intermediate" plate behaviour and "thin" plate behaviour. Thick 
plate behaviour (Figure 1.2a) occurs when there is no (or very little) yielding in the end 
plate, with the connection ultimately failing through tensile failure of the bolts. Thin plate 
behaviour (Figure 1.2c) occurs when a complete yield line mechanism forms in the end 
plate, with the bolts not reaching their ultimate load. Intermediate behaviour occurs when 
a partial yield line mechanism forms in the end plate coupled with prying action and 
elongation of the bolts (Figure 1.2b ), with the connection ultimately failing due to tensile 
failure of the bolts. 
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(a) "Thick" End Plate (b) "Intermediate" End Plate (c) "Thin" End Plate 
Figure 1.2- Classification of End Plate Behaviour 
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1.2.2 Prying Action 
The behaviour of a connection where tensile loads are transferred to fasteners through an 
end plate is highly dependent on the rigidity of this plate. This concept is demonstrated by 
the two stub tee connections shown in Figure 1.3. In the rigid end plate connection shown 
in Figure 1.3(a), minimal plate deformation occurs when the tensile load (P) is applied, 
with the plate remaining virtually parallel to the connecting surface. Conversely, the 
flexible end plate connection shown in Figure 1.3(b) deforms as shown when loaded, 
generating compressive (prying) forces between the contacting surfaces near the plate 
edges, thus raising the tensile bolt forces. 
The studies by Nair et a!. (1974) and Agerskov, (1976) into the effect of tension and 
prying forces in stub-tees found that the load capacity of bolted connections can be 
substantially reduced by prying action. The factors found to govern the magnitude of this 
prying force include the geometry and material properties of the end plate, and the size 
and strength of the bolts. 
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Figure 1.3 - End Plate Behaviour 
If it is assumed that the connection fails due to tensile fracture of the bolts, the failure 
load (P u) for the rigid end plate can be easily calculated by determining the tensile 
strength of the bolt group (Bu). For the flexible end plate, the reduced failure load (Pu) is 
defined as the ultimate tensile load in the bolts (Bu) minus the prying force at the ultimate 
load (Qu). 
P. =B. -Q. 1.1 
The magnitude of the prying force (Q) depends upon the flexibility of the end plate. As 
discussed previously, Q is zero for the rigid end plate, while for the flexible end plate Q 
ranges from zero to Qmax, where Qmax is the maximum attainable prying force which 
occurs at the formation of a plastic hinge through the line of the bolts. 
While the tubular connections described in this thesis are not a stub tee, prying forces are 
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certainly important. By using modifications to the stub-tee analogy, a model that predicts 
the connection strength effectively, with due consideration of prying forces, can be 
developed for tubular end plate connections. This model is discussed in detail in 
Chapters 3 and 4. 
1.2.3 Moment-Rotation Behaviour 
The moment-rotation relationship for a typical bolted end plate connection is invariably 
non-linear as shown in Figure 1.4. The typical curve is characterised by an elastic region 
that exhibits minimal non-linear behaviour, a rounded knee encapsulating the transition 
from elastic to inelastic behaviour, and an extensive region of strain-hardening. The 
ultimate moment (Mcu) would normally correspond to bolt or weld failure. 
In this thesis, the yield moment of the connection (Mcy) is defmed as the intersection of 
the initial stiffness and the post-yield stiffness (see Figure 1.4). The ultimate moment of 
the connection (Mcu) is the point at which the applied moment is a maximum or at a 
defined rotation (deformation) limit. The corresponding connection rotations at the yield 
and ultimate moments are termed Bey and Ocu respectively, and are also shown in 
Figure 1.4. 
/ strain-hardening region 
M~ Jt('-
iM• .r=::::.. 
g 
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Bey Bcu 
Connection Rotation Be 
Figure 1.4- Typical Moment-Rotation Characteristic for an End Plate Connection 
When calculating the connection rotation for determining the moment-rotation 
characteristic, care must be taken to ensure that the correct measure of rotation is used. 
The rotation should be defmed as the discontinuous rotation across the connection itself, 
and must therefore exclude the rotation from the connecting member (column) or any 
curvature induced in the beam section. For practical reasons, experimental rotation 
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measurements are taken over a finite length of the beam, and these rotations include 
contributions from the beam bending and rotations of the column. Consideration of a 
fmite length of beam (Figure 1.5) demonstrates that the total rotation ( B,) of the joint is 
the sum of the rotation of the connection itself (Be) and the rotation in the section ( B,), due 
to the applied moment. 
Column 
8, 
8,=8,+8, 
Figure 1.5 - Connection Rotation Definition 
1.2.4 Classification Schemes 
In the elastic or inelastic analysis of frames, it is ideal to consider the effect of the 
connection behaviour on the overall frame response. For convenience, it is common 
practice to classify and to model these connections as either perfectly pinned or fully 
rigid, although most connections fall between these extremes. For example, shear 
connections, which are nominally pinned, invariably have a fmite moment capacity. Also, 
while bolted moment end plate connections could be considered rigid, it is possible that 
their flexural strength and stiffness is lower than that of the corresponding beam. 
The behaviour of a connection is defmed in terms of its moment-rotation curve, which 
may be obtained either through theoretical procedures or experimental research. This 
moment-rotation behaviour is non-linear, and it is often inappropriate to classify the 
connection as either rigid or pinned. To aid the design and analysis of connections, 
several classification schemes based on the total moment-rotation behaviour have been 
developed (for example, Bjorhovde et al. 1990, CEN 1992, Nethercot et al. 1998). 
It should be borne in mind that the classification of any connection as flexible, semi-rigid 
or rigid is not absolute, as the rotational stiffness of the connection varies with the applied 
moment. For example, a particular connection with a high initial stiffness but which is 
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subjected to a low design moment may be justifiably assumed "rigid". The same 
connection, however, acted upon by a much greater design moment (such as one 
approaching the connection ultimate strength} may be more appropriately considered as 
"semi-rigid" for design purposes. The limiting moment below which the connection can 
be assumed rigid for design purpose is referred to as the "rigid limit" and is defmed by 
the point at which the transition from the "rigid" zone to the "semi-rigid" zone occurs. 
Another shortcoming of connection classification schemes, as will be explained later, is 
that they are generally dependent upon the member geometry. Connection classification 
schemes attempt to characterise the connection using the full range moment-rotation 
response as would ideally be employed in non-linear inelastic (advanced) frame analysis. 
Connection classification schemes which have been proposed include those ofBjorhovde 
eta/. (1990) (see Figure 1.6), Eurocode 3 (CEN, 1992) (see Figure 1.7) and Nethercot et 
a/. (1998) (see Figure 1.8). The first two schemes classify connections into the following 
three basic categories according to their strength and stiffness: (1) Flexible; (2) Rigid; and 
(3) Semi-rigid. The scheme of Nethercot et a/. (1998) is an endeavour to classify 
connections using both strength and stiffness simultaneously, and defines four connection 
types: (1) fully connected; (2) partially connected; (3) pin-connected; and (4) non-
structural. 
The usual practice in all classification schemes is to express the connection moment (Me) 
and rotation (Be) in a non-dimensional form. The moment is non-dimensionalised using 
the expression m = Me IMp in which Mv is the plastic capacity of the connected beam 
section. The non-dimensionalised rotation parameter 1f is dependent on the classification 
scheme selected. The Eurocode 3 (CEN, 1992) and Nethercot eta/. (1998) schemes use 
the actual length Lb of the connected beam in the structural system to determine 1f , 
defining 
- e ·E·I e = c b 1.2 
M.·4 
in which E, /b, Mv and Lb are the elastic modulus, second moment of area, full plastic 
moment and length, respectively, of the connected beam section. 
The Bjorhovde eta/. (1990) scheme uses a reference length of five times the beam depth 
to defme the connection rotation parameter, 
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5·M ·d p 
1.3 
The use of the beam depth (d), by Bjorhovde has the feature that the designer may 
classify connections prior to the determjnation of any beam lengths Lb. 
In the classification of a connection, the rotation f)c is the rotation of the connection as 
discussed in Section 1.2.3. 
1.2.4.1 Bjorhovde Classification Scheme 
The Bjorhovde classification scheme, shown in Figure 1.6, classifies connections in terms 
of their strength and stiffness. For stiffness, the semi-rigid connections are defined as 
those with an initial stiffness m/ f) in the range of 0.5 to 2.5. In terms of strength, a semi-
rigid connection is identified as having an ultimate strength defined by m greater than 
0.2 but less than 0.7. Connections falling below or above these limits are classified as 
flexible or rigid, respectively. 
Ductility Requirement 
Semi -Rigid 
Flexible 
0.4 0.8 1.2 1.6 2 2.4 2.8 
7J = 8/(SM Pd/EI tJ 
Figure 1.6- Bjorhovde Classification Scheme 
For plastic design, structural members must be able to withstand large plastic rotations. 
Similarly, when non-linear connection moment-rotation behaviour is present in :;tructures 
for which the design is based on inelastic analysis, a connection rotation (ductility) 
requirement is in1plied. The ductility requiren1ent ( f)R) for semi~-rigid connections 
specified by Bjorhovde and shown in Figure 1.6 is expressed algebraically as 
9 
OR =2.7-l.S·m 1.4 
At the flexible/semi-rigid and semi-rigid/rigid boundaries shown in Figure 1.6, the above 
ductility requirement corresponds to a ratio of six times the rotation experienced at the 
commencement of the plastic response of the connection. In the Bjorhovde scheme, a 
rigid connection only needs to attain 0.7Mp of the member to which it is connected. It 
should be noted that the ductility requirement shown in Figure 1.6 is applicable only in 
the semi-rigid zone and cannot be extrapolated linearly to the perfectly rigid and perfectly 
flexible boundaries. 
1.2.4.2 Eurocode 3 Classification Scheme 
The Eurocode 3 (CEN, 1992) beam-column connection classification scheme, shown in 
Figure 1. 7, also classifies connections in terms of their strength and stiffness. Two 
defmitions are used to define the boundary between rigid and semi-rigid behaviour 
depending upon whether the frame is unbraced or braced. 
When the strength m is less than 0.66, a rigid connection is defined as one with an initial 
stiffuess m/ if greater than 25 for unbraced frames and greater than 8 for braced frames. 
The boundaries defming rigid connections in Eurocode 3 have been further refined to a 
trilinear relationship by Liew et al. (1993) to represent the drop in load carrying capacity 
due to semi-rigid behaviour. This reduction in the stiffuess occurs when the connection 
strength m exceeds 0.66 as shown in Figure 1. 7. 
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Figure 1.7- Eurocode 3 Classification Scheme (as modified by Liew et aL, 1993) 
According to the Eurocode 3 scheme, flexible connections are defined by an initial 
stiffuess m/0 < 2. A connection that does not meet either of these conditions is classified 
as a semi-rigid connection. 
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While no ductility limit is defmed in the Eurocode 3 classification scheme, it is suggested 
that connections with rotations greater than 0.02 - 0.03 radians are sufficiently ductile for 
use as semi-rigid connections (BCSA, 1996). Unlike the Bjorhovde scheme, which limits 
the strength of semi-rigid connections, the Eurocode 3 classification scheme requires 
semi-rigid connections to reach Mp, provided adequate ductility exists. 
1.2.4.3 N ethercot Classification Scheme 
The Nethercot et al. (1998) beam-column connection classification scheme, shown in 
Figure 1.8, classifies connections in terms of their combined strength and stiffness. The 
scheme employs two classification systems, ultimate limit state and serviceability limit 
state, to enable use of the scheme in the overall behaviour of the connection. 
1.3 
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Figure 1.8- Nethercot Classification Scheme- (Ultimate Limit State) 
As shown in Figure 1.8, fully-connected connections have connection moment capacities 
that are at least equal to the moment capacity of the connected beam, where a is the ratio 
of the column-to-beam rotational stiffuess (a= 1 beam is as stiff as connecting column, 
a= 2 beam is as half as stiff as connecting column). The corresponding connection 
stiffuess is also high enough to enable the development of the connection moment 
capacity. For pin-connected connections it is assumed that the obtainable moment 
capacity is less than 25 % of that of the connecting beam, and that the stiffuess is less 
than an empirical value based on the ratio (a) of the stiffuess of the column to stiffuess of 
the beam members. 
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Nethercot et a!. (1998) proposed a region within the moment-rotation diagram that is 
classified as the non-structural zone. Connections that do not progress from this zone, 
usually as a result of insufficient rotation capacity, are considered to be inappropriate for 
structural uses as they are likely to fail prematurely before the design condition is 
achieved. Connections that exceed the non-structural zone yet are neither rigid or pinned 
as previously discussed are classified as partially-connected. 
1.2.4.4 Connection Rotation Capacity and Deformation Limit 
The moment-rotation curve for a typical end-plate connection is shown in Figure 1.9. 
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Figure 1.9- Rotation Capacity and Deformation Limits 
Following an initial linear portion, the connection response becomes non-linear as the end 
plate and bolts begin to yield. A strain hardening response follows prior to the connection 
achieving its maximum moment capacity (Mcu). As the connection continues to deform, 
the bolts approach incipient fracture and shed load; this leads to the falling post-ultimate 
moment-rotation characteristic. Alternatively, the welds may fail by punching shear, 
leading to the falling post ultimate characteristic. The rotation capacity (Rc) of the 
connection is a measure of the inelastic rotation that the connection can undergo up to the 
point when the falling moment-rotation characteristic drops to the connection yield 
moment (Mcy), or when the connection fails in a brittle marmer, whichever occurs first. 
The rotation capacity (Rc) is shown in Figure 1.9 and is expressed algebraically as 
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The rotation capacity is an intrinsic property of the connection. 
1.7 
For the majority of the connections studied experimentally in this thesis, a falling 
moment-rotation characteristic was observed. However, several of the more flexible end 
plate connections exhibited excessive deformations with no indication of an ultimate load 
being reached. To enable comparison of the experimental results with both the numerical 
and theoretical values, a deformation limit has been developed for use in this thesis. The 
deformation limit is expressed as a linear relationship that passes through two points A 
and B as shown in Figure 1.9. 
In the plastic design of structures, plastic hinges which develop are required to withstand 
inelastic rotations. As an indicator of ductility, plastic hinge rotation requirements are 
prescribed in design specifications. The AISC LRFD structural steel design specification 
(AISC, 1991) specifies an inelastic rotation requirement (Rc) of 3 for general use. 
Similarly, the Eurocode 3 Class 1 compact limit (CEN, 1992) is also based on an inelastic 
rotation requirement of 3. Sanders and Householder (1978) suggest that for typical design 
applications a rotation requirement of 3 or 4 is recommended, while Korol (1972) 
recommends that a value of 4 is sufficient to enable plastic hinge formation. This 
approach of using the plastic hinge requirements as an indicator of ductility is extended to 
connection ductility as follows. 
For a rigid connection, which can achieve a strength of Mp, the deformation limit is 
specified as 1.5 times the rotation requirement of the corresponding connected beam 
section. Assuming Rc = 4 is adopted for the beam section, point A on Figure 1.9 is 
defmed by the coordinates (780 , Mp). As outlined in Eurocode 3 (CEN, 1992) the rotation 
requirement for a semi-rigid connection, for which the maximum strength is 0.7Mp, is 
assumed to be 0.3 rad. Assuming the deformation limit to be 1.5 times the corresponding 
rotation requirement facilitates the definition of point B on Figure 1.9 by the coordinates 
(0.045, 0.7Mp). These two points A and Bare used to defme the linear relationship, which 
in this thesis is termed the deformation limit of the connection. The deformation limit as 
defined in this thesis is used as a basis for the comparison of experimental, theoretical and 
numerical results where a clear ultimate load is not achieved due to excessive 
deformations. In other words, if the deformation limit line intersects the moment-rotation 
response, then this point of intersection is deemed to correspond to the connection 
ultimate moment (Mcu)· 
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1.3 SCOPE OF THESIS 
1.3.1 Aims 
The primary aim of this thesis is to investigate the behaviour of bolted end plate 
connections in square and rectangular hollow sections subjected to pure bending. To 
achieve this aim, five major objectives have been identified as follows: 
1. To review existing design criteria and design models currently used to predict 
the strength and stiffuess of bolted end plate connections. 
2. To study experimentally the behaviour of bolted moment end plate 
connections joining square and rectangular hollow sections subjected to pure 
bending. The effect on the moment-rotation relationship of variations in key 
parameters such as the number and position of the bolts, and the thickness of 
the end plate, are also investigated. 
3. To develop analytical models based on principles of mechanics to study 
theoretically the complex behaviour of bolted end plate connections when 
subjected to a bending moment. 
4. To develop finite element models that encapsulate all the relevant physical 
phenomena present in the connection and accurately predict the moment-
rotation behaviour and the ultimate strength of the connections. 
5. To adapt the presented analytical models to a form that can be used by 
practicing engineers to determine the ultimate strength and serviceability 
limits of the connection, thereby obtaining economic and effective designs. 
1.3.2 Experimental Investigation 
An experimental programme comprising 26 tests was conducted on bolted moment end 
plate connections joining rectangular and square hollow sections. The connections were 
located at the mid-span of a beam subjected to four point bending as shown in Figure 
1.1 0. This particular test set-up resulted in pure bending being applied in the vicinity of 
the connection. The moment-rotation behaviour of the connection, bolt loads and 
deflections were observed during testing. 
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Figure 1.10- Bending Test of End Plate Connection 
The experimental program, described io Chapter 2, consisted of two types of bolted end 
plate connections as characterised by the number of bolts. The connections contaioiog 
eight bolts (Figure l.lla) are termed Type A, while the connections contaioiog four bolts 
(Figure 1.11 b) are termed Type B. 
The parameters that affect the strength and stiffuess of the connections include the 
position of the bolts and the thickness of the end plate (tp). For the eight-bolt (Type A) 
connections, the bolts were positioned around the section at a distance s0 from the section 
perimeter as shown in Figure l.lla. For the four-bolt (Type B) connections, the positions 
of the bolts were defmed by the dimension from the section flange (so) and the section 
web (c). In both the Type A and Type B test series, rectangular and square hollow 
sections were used. 
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Figure 1.11 -Connection End Plate Layout 
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1.3.3 Theoretical Investigation 
1.3.3.1 Yield line Analysis 
The connection moment (My1) at which a plastic collapse mechanism forms in the end 
plate is predicted using yield line analysis. As this method gives upper bound solutions, a 
number of different yield line patterns need to be considered to obtain the governing 
mechanism and yield moment. Each mechanism considered may involve the development 
of yield lines in the end plate only (Figure 1.12a), yielding of the bolts only (Figure 
1.12b ), or a combination of yield lines in the end plate and yielding of the bolts (Figure 
1.12c). 
M M 
-
(a) Yield Line Failure (b) B;iiFailure (c) Combined Failure 
Figure 1.12 - Basic Yield Line Analysis Failure Modes 
In this thesis, analyses for a number of different yield line patterns are presented in 
Chapters 3 and 4. These failure mechanisms and yield line analyses are used to determine 
serviceability limit moments and ultimate moments for the end plate connections. 
1.3.3.2 Modified Stub-Tee Method 
The stub-tee analogy (Kato and McGuire, 1973; Agerskov, 1976) has been used to 
determine the capacity of end plate connections using one-dimensional rigid plastic 
analysis. The advantage of the stub tee analogy over pure yield line analysis is that the 
former analysis considers the effect of the bolt prying forces. At the present time, the 
stub-tee approach has been applied extensively to !-section end plate connections as it is 
easily adapted to flange end plate connections with the bolts on both sides of the flange 
(Kennedy et al, 1981 ). 
In this thesis, the stub-tee method is adapted to predict the ultimate strength of the four-
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bolt and eight-bolt tubular end plate connections. In the case of the four-bolt connections, 
where the end plate behaviour and pattern of yield lines is usually one-dimensional, the 
theoretical model developed includes the effect of bolt prying forces and is termed the 
"modified stub-tee" method. For the eight-bolt connections, the bolt layout results in two-
dimensional behaviour (biaxial bending) of the end plate. In this case, the theoretical 
model used to predict the behaviour of the connection utilises the "modified stub-tee" 
method in two orthogonal principal axis directions. This method, termed the "cumulative 
stub-tee" method in this thesis, considers the combined effects of two-dimensional 
bending and prying forces in an approximate way. 
1.3.4 Finite Element Analysis 
A detailed investigation into the formulation of a numerical model to predict the 
behaviour of bolted tubular end plate connections is described in Chapter 5. The 
numerical analysis is carried out using the ABAQUS v5.5 finite element package (HKS, 
1995) for each of the connections tested. The analyses conducted consider all relevant 
geometric and material non-linearities, and closely model the actual loading regime to 
which the connections were subjected experimentally. The experimental and numerical 
results are compared both in terms of the connection ultimate strength and the moment-
rotation behaviour. 
Full three-dimensional models of the connections were generated using the PATRAN pre 
processor (PDA Engineering, 1994), with all the connection components, such as the 
bolts, tubular section and end plate, modelled individually. To substantiate the model, 
each component was verified independently before integration into the fmal model. 
1.3.5 Design Recommendations 
The design models for both the four-bolt and eight-bolt connections are presented in 
Chapter 6. These models are based on the modified stub-tee and cumulative stub-tee 
methods, respectively. 
The design models developed relate to the connection strength in bending. They consider 
four ultimate failure modes, three of which entail failure of the connection itself, and the 
fourth comprising section capacity failure of the connected beam. The four failure modes 
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considered are: (1) bolt failure, where one or more of the bolts on the tensile side of the 
connection fails due to tensile rupture; (2) end plate failure, where a yield line mechanism 
forms in the end plate, resulting in a rapid decrease in the connection stiffness; 
(3) punching shear failure, where a shear failure occurs in the end plate around the weld-
plate interface as a result of the loads applied to the end plate by the tensile section 
flange; and ( 4) plastic section failure, where the beam section reaches its section capacity 
in pure bending. 
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1.4 LITERATURE REVIEW 
1.4.1 Moment End Plate Connections 
The behaviour of bolted moment end plate connections joining !-sections, of the type 
shown in Figure 1.13, is well documented (for example, Grundy et al., 1980; Murray, 
1988; and Kukreti et al., 1990). The literature presents both experimental data and 
methods of analysis that can be used to predict the connection behaviour. Primarily, two 
methods of analysis have been employed. The first method involves the application of 
two-dimensional yield line analysis to determine the capacity of the end plate, with the 
capacity of the bolts calculated independently. The second method of analysis is based on 
the stub-tee method and is used primarily with the extended end plate connections (Figure 
1.11 a). The stub-tee analysis assumes one-dimensional bending of the end plate, and 
considers the effect of the end plate bending on the bolt loads (prying action). 
M 
(a) Extended End Plate (b) Flush End Plate 
Figure 1.13 Typical !-section End Plate Connections 
Detailed reviews of the behaviour and design of bolted moment end plate connections in 
!-sections are given in the documents entitled Design of Structural Connections (AISC, 
1994), and Extended End-Plate Moment Connections (Murray, 1990). The AISC 
publication concludes that "with this connection the exact transfer of load is very complex 
and is influenced by the relative dimensions and strength of the bolts and the end plate". 
Consequently, any new design model must include provision for failure of the bolts, the 
welds or the end plate. It is assumed in the design models that the moment applied to the 
beam can be replaced by two equal and opposite forces acting through the centroid of the 
beam flanges, with the web assumed to transmit negligible bending moment. 
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1.4.2 Experimental Investigations 
Numerous experimental investigations have been carried out to study the behaviour of 
bolted moment end plate connections joining !-sections. These investigations include both 
the extended end plate connection shown in Figure 1.13a (Mann and Morris, 1979; 
Grundy et a/., 1980; Borgsmiller 1996), and the flush end plate connection shown in 
Figure 1.13b (Phillips and Packer, 1981; Murray, 1988). The research has concentrated on 
both the behaviour of the connection (considering the end plate and the bolts), and the 
corresponding connecting surface (column flange, Grundy et a/, 1980). As a result, an 
extensive database of moment-rotation curves for bolted moment end plate connections 
joining !-sections exists, containing data for more than 120 different connections (Morris 
and Packer, 1986) and enabling the calibration of most design models. 
By comparison, experimental data on bolted moment end plate connections utilising 
square and rectangular hollow sections is minimal. Packer et a/. (1989), and Kato and 
Mukai (1985), conducted tests on two types of connections subjected to pure tensile load. 
The end plate layout used by Packer eta/. (1989) is shown in Figure 1.14a, with the bolts 
positioned on either side of the section. Kato and Mukai ( 1985) tested four and eight bolt 
connections with the bolts orientated around the section as shown in Figure 1.14b. 
Numerical models based on yield line analysis were presented for both series oftests. 
0 0 
:o: ~o~ 0 
0 000 
0 0 0 
(a) Packer eta/ (1989) (b) Kato and Mukai (1985) 
Figure 1.14- Bolt Layouts for End Plate Connections Subject to Pure Tensile Load 
Kato and Mukai ( 1991) also carried out a limited number of tests on connections 
subjected to combined compression and bending actions. The layout of the end plate was 
identical to their previous eight-bolt tests (Figure 1.14b ), and utilised stainless steel 
square hollow sections (150 x !50 x 9 mm) fastened with stainless steel high strength 
bolts. In the test programme three end plate thicknesses were used: 9, 12 and 16 mm. 
Two series oftests, sponsored by CIDECT, were conducted by Mang (1980) and Petit et 
a/. (1986). Mang (1980) investigated end plate connections utilising circular, square and 
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rectangular hollow sections subjected to shear and bending under three point bending. 
Numerous configurations of the end plate thickness, the size and number of bolts, and the 
position of the bolts were employed in the experimental program. Figure 1.15 shows the 
method of testing, and typical end plate layouts for the square and rectangular hollow 
section connections investigated by Mang (1980). 
n 
.-----~ ----l~f--------12 
(a) Method of Testing 
0 0 
:o: :o: D 000 0 0 
0 0 0 0 0 00000 
(b) Typical End Plate Layouts 
Figure 1.15- Beam Splice Connection Tests (Mang 1981) 
Petit et al. (1986) conducted 16 T-type bolted joints as shown in Figure 1.16c, seven of 
which consisted of bolted moment end plate connections. Two different end plate 
connection details were investigated. In the first case, the connection contained a beam 
end plate bolted flush to an end plate welded to the column (Figure 1.16a). In the second 
case, bolts passing through the column were used to connect a beam end plate to a second 
end plate welded to the column on the opposite flange (Figure 1.16b ). 
0 0 0 0 
0 D 
o o I I o o 
(a) Adjacent End Plate (b) Opposite End Plate (c) End Plate Bolt Layout 
Figure 1.16- Beam Column Connection Tests (Petit, et a/1986) 
Neither Mang (1980) nor Petit et al. (1986) presented a model to predict the behaviour of 
their connections in bending. 
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1.4.3 Theoretical Analysis of End Plate Connections 
1.4.3.1 Plastic Yield Line Analysis 
Plastic yield line analysis has been used in a number of studies of both !-section and 
rectangular hollow section end plate connections to predict the ultimate strength under 
various loads. To simplify the problem, the yield lines are normally assumed to be linear 
(for example Kato and Mukai, 1991; Borgsmiller, 1996), although Packer and Morris 
(1977) investigated the use of curved yield line patterns. Two types of failure modes are 
assumed to occur in the end plate (Kato and Mukai, 1991; and Packer et al, 1989). The 
first mode of failure comprises a yield line mechanism in the end plate with no 
deformation of the bolts (Figure 1.17a). The second mode of failure involves a 
combination of yield lines in the end plate, and yielding of the tensile bolts (Figure 
1.17b ). The prying forces present in the combined failure mode depicted in Figure 1.17b 
are either neglected in the yield line analysis or considered in an approximate way. 
Applied 
Bolt t Load 
En~P~ate ~
Yielded zones j 
(a) Plate Failure Mode 
Applied 
Bolt +Load ~~ 
Yielded zones 
(b) Combined Failure Mode 
Figure 1.17 Yield Line Mechanisms 
!-sections 
Two dimensional yield line analyses have been presented by a number of investigators for 
different !-section end plate connection details (summarised by Murray, 1990). Typical 
examples of these connections are shown in Figure 1.18. 
--0--------0---1 
-~-
---~-~~:J L-::·=- --
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~.q·--- ··-."---' ;.,.-'\ /' ---o \ ,' 0--',\ ,'/ '•'. '•' --~:.: .. IC~b-- ---~-- ··b-----.6\. /6--··-:., .~---
0 0 0 0 0 0 0 0 
(a) Extended End Plate (Borgsmiller, 1996) (b) Flush End Plate (Murray 1988) 
Figure 1.18 Yield Line Mechanisms for !-sections End Plate Connections 
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In the majority of these studies, the critical yield line mechanism is identified and then 
used to determine the load at which a mechanism forms in the end plate. The capacity of 
the bolts is calculated independently of the end plate, but the bolt loads are factored to 
consider prying effects. The factored bolt loads may be determined considering the 
thickness (stiffness) of the end plate (Kennedy et al., 1981), or using the conservative 
approach of Grundy et al., (1980) whereby the bolt loads are increased by a uniform 30%. 
Tubular members 
Axial Tensile Loading 
The layout of the connections tested by Packer et al, (1989) (Figure 1.14a) allowed the 
development of a one-dimensional yield line mechanism in the end plates as shown in 
Figure 1.19. Six possible failure modes were considered by Packer et al. (1989), in which 
Tu is the tensile load at formation of the mechanism. Mechanisms I and 2 are simple 
component failures, involving bolt and section strength respectively. Mechanism 3 
involves a combination of plate yielding and bolt failure, while Mechanism 5 is the result 
of a yield line mechanism forming in the end plate. Mechanisms 4 and 6 are extensions of 
Mechanisms 3 and 5, with consideration made for partial yielding in the section. 
T,, 
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Figure 1.19- One-Dimensional Yield Line Analysis Under Tensile Loading 
(Packer et al, 1989) 
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Kato & Mukai (1985) also utilised yield line analysis to predict the strength of tubular 
end plate connections subjected to pure tensile loading. The arrangements of the bolts for 
23 
both the four-bolt and eight-bolt connections (Figure 1.14b) were such that two-
dimensional yield line analysis is required as shown in Figure 1.20. Three possible failure 
modes were identified by Kato and Mukai (1985): these are tensile bolt failure, end plate 
failure due to excessive deformations, and a combination of end plate deformations and 
fracture of the bolts. 
T T 
(a) Four-Bolt tests (b) Eight-Bolt Tests 
Figure 1.20 - Two Dimensional Yield Line Analysis under Tensile Loading 
(Kato and Mukai, 1985) 
Combined Axial Compression and Bending 
Kato & Mukai (1991) presented seven modes of failure for connections subjected to 
combined axial compression and bending, six of which are shown in Figure 1.21 . The end 
plate bolting arrangement was identical to the eight-bolt tensile tests conducted by Kato 
and Mukai (1985), and therefore required two-dimensional yield line analysis. The modes 
of failure are developed through combined axial compression and flexural loads. Failure 
Mode 1 is caused by the development of a yield line mechanism in the end plate, while 
Modes 2-1, 2-2 and 2-3 are the result of yielding in the end plate and tensile fracture of 
the bolts. Mode 3 primarily involves tensile failure of the bolts, with one yield line 
forming in the end plate, while Mode 4 is the result of tensile failure of the bolts with no 
yielding in the end plate. 
1.4.3.2 Stub-Tee Analogy 
When connections containing relatively flexible end plates are subjected to tension, a 
prying force is developed which results in an increase in the bolt forces. Studies into 
prying forces (Nair et al. 1974; Agerskov, 1976) have demonstrated that these loads can 
be up to 40 percent of the total applied load, thus reducing the capacity of the connection 
substantially. To model the effect of prying in connections, researchers have either 
increased the bolt loads by a constant factor (Grundy et al., 1980), or detennined the 
magnitude of the prying forces using an analysis technique such as the stub-tee analogy 
(Kennedy eta!., 1981 ). 
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Figure 1.21 - Yield Line Mechanisms Under Combined Bending and Axial Loading 
(Kato and Mukai, 1991) 
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The stub-tee (also known as split-tee or T-stub) analysis used to estimate the magnitude 
of the prying forces has been presented by a number of authors including Douty and 
McGuire (1965); Sherbourne (1961); Kato and McGuire (1973) and Agerskov (1977). 
A simplified description of the stub-tee analogy has been presented by Kennedy et al. 
(1981). Kennedy et al. (1981) determines the magnitude of the prying forces based upon 
the type of end plate behaviour (thick, thin or intermediate) as classified by Packer and 
Morris (1977) (see Figure 1.22). Thick plate behaviour assumes that no prying occurs, 
while thin plate behaviour assumes that the prying forces are at a maximum (Qmax). 
Intermediate plate behaviour assumes that the magnitude of the prying force (Q) is 
between zero and Qmax· 
P. 
~· ~~ Bu Bu 2 2 2 
P.=Bu P.=B.-Q P.=B- Qmax 
(a) Thick Plate Behaviour (b) Intermediate Plate Behaviour (c) Thin Plate Behaviour 
Figure 1.22- Stub-Tee Behaviour (Kennedy et al, 1981) 
Early models which are based on the stub-tee method assumed that the prying forces act 
at the edge of the end plate (Sherbourne, 1965; Agerskov, 1976). This assumption tends 
to overestimate the prying effects, leading to conservative connection design. Extensive 
discussions on the assumed line of action of the prying forces have been documented (for 
example Packer and Morris, 1977; Phillips and Packer, 1981; Mann and Morris, 1979; 
Krishnamurthy, 1978). Nair et al. (1974) suggested that the prying force should act no 
further than twice the end plate thickness away from the relevant bolt, while Mann and 
Morris (1979) proposed that this distance should be approximately 2.5 times the bolt 
diameter. On the basis of fmite element studies, Krishnamurthy (1978), on the other hand, 
has suggested using a distance from the line of the bolts equal to 
a = S0 - 0.25dr- lp 1.8 
where lp is the plate thickness, dr is the bolt diameter and s0 is the distance to the 
centreline of the bolt from the section perimeter. 
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1.4.3.3 Shear Effects 
The effects of shear stresses are considered in several of the stub-tee models (Kennedy et 
all981; Agerskov, 1976) by way of their strength degrading effect on the plastic moment 
capacity of the end plate: 
where 
m = !{ /u2 - 3. (2'._]2 pv 41 y t 
p 
mpv = reduced plastic moment capacity per unit length 
tp = thickness of end plate 
v = shear per unit length in the end plate 
Uy = yield stress of end plate 
1.9 
Branch-to-chord moment connections between rectangular hollow sections have been 
investigated by Packer ( 1993), and in these studies the possibility of crack development in 
the chord was identified. This cracking, caused by a shearing action, is commonly 
referred to as punching shear. While this phenomenon has been observed extensively in 
trusses subjected to axial loads it has not been observed in moment connections (Packer, 
1993). Witteveen et al. (1982) developed a model to predict punching shear failure in 
connections subjected to axial loading. This model is presented in Design Guide for 
Rectangular Hollow Section Joints Under Predominantly Static Loads (Packer et a/., 
1992), but is inappropriate for connections subjected to bending including the ones 
studied in this thesis. 
1.4.4 Numerical Analysis of End Plate Connections 
Finite element analyses of end plate connections joining !-sections have been carried out 
in various forms over the years. Historically, most fmite element analyses have employed 
two-dimensional models (Krishnarnurthy eta/., 1979; Patel and Chen, 1984), with some 
three dimensional analyses carried out for verification (Krishnarnurthy and Graddy, 
1976). As the computer packages and means of computation have improved, there has 
been a steady increase in three-dimensional fmite element analysis of connections (for 
example, Tharnbiratnarn and Krishnamurthy, 1989; Sherbourne and Baharri, 1994; Bursi 
and Jaspart, 1997a, 1997b ). 
A number of different types of connection models have been analysed using various fmite 
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element packages. Thambiratnam and Krislmamurthy (1989) used a special purpose 
package for bolted connections, Patel and Chen (1983) used a general-purpose non-linear 
structural analysis program, while Bursi and Leonellie (1994) and Bursi and Jaspart 
(1997a, 1997b) used the ABAQUS finite element package. The end plate connections 
studied by the previous authors were generally subjected to flexural loads, with the bolts 
modelled with brick elements in the three dimensional analyses (Thambiratnam and 
Krislmamurthy, 1989; Sherbourne and Bahaari, 1994), and a bar element in the two-
dimensional analyses (Patel and Chen, 1983). Later three-dimensional studies, such as 
those by Bursi and Jaspart (1997a, 1997b), have endeavoured to model the bolts as 
individual components utilising a number of assumptions for the bolt stiffness as outlined 
by Agerskov (1976). 
Realistic modelling of bolted end plate connections is highly complex because the 
problems are three-dimensional in nature, and involve the added complications of 
geometric and material non-linearities, and contact/separation between various 
components (Bursi and Jaspart, 1997a, 1997b). Bursi and Jaspart also highlight the 
importance of correct element selection to obtain the correct solutions, and have 
endeavoured to establish benchmarks that can be used to calibrate finite element models 
(Bursi and J aspart, 1997 a, 1997b ). 
1.4.5 Design Models 
As previously discussed, little research has been carried out on the behaviour of bolted 
moment end plate connections in tubular structures, and as a result no corresponding 
design models exist. The design models discussed in this section relate mainly to bolted 
end plate connections joining !-sections, but similar principles should be adopted for use 
in tubular connections. 
Most design models assume that the location of the bolts relative to the section perimeter 
is a major factor influencing the behaviour. The bolts are assumed to be pre-loaded to the 
specified proof load, and the shear load on the connection is assumed to be carried by the 
bolts in the compression region of the connection (Murray, 1988, CEN, 1994). 
The design guides entitled Moment Connections (BSCA, 1996) and Extended Moment 
End Plate Connections (Murray, 1990) both specify numerous failure modes that should 
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be considered in the design of moment end plate connections. Failure modes that depend 
on the connection (ignoring failure modes in the column) include: 
• Flexural yielding of the end plate, which may not limit the strength but 
results in increased rotations. 
• Shear yielding of the end plate material, which is not usually observed 
but when coupled with bending can result in failure. 
• Bolt rupture due to direct load or induced loads due to prying force, 
which is a brittle failure and classified as the most critical limit state. 
• Failure of the beam section, whereby section webs or flanges reach a 
limit state such as (local) buckling or plastic capacity. 
• Excessive rotations whereby the rotation of the connection exceeds a 
prescribed limit due to large end plate deformations. 
1.4.5.1 End Plate Design 
Early end plate design models based on the stub-tee concept relied on basic statics and 
simple assumptions regarding the prying action (Douty and McGuire, 1974; Kato and 
McGuire, 1973). This method generally resulted in thick end plates and conservative 
connection design. More efficient design models have been developed using yield line 
analysis (Murray 1988; Borgsmiller, 1996), while recent trends have used regression 
analysis of fmite element results to develop design criteria for the end plate thickness 
(Murray and Kukreti, 1988). 
The models presented by both Murray (1990) and the British Constructional Steelwork 
Association (BCSA, 1996) use the stub-tee analogy. Murray (1990) recommends an 
ultimate failure based on thin plate behaviour in the end plate, while the BSCA (1996) 
allow thin, thick and intermediate end plate failure modes. The Design of Structural 
Connections (AISC, 1994) ignores prying actions and determines the capacity of the end 
plate purely on the basis of its plastic capacity calculated using the tensile force applied 
through the flange of the section. 
1.4.5.2 Bolt Design 
The design of the bolts is related to the prying assumptions, and consequently the bolt 
forces are usually factored correspondingly. The significant factor affecting the prying 
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forces is the location of the line of action of these forces. As discussed previously, 
numerous equations have been presented to model the position of the forces. 
Krishnamurthy (1978) suggested that under service loads prying force acts as a pressure 
bulb under the bolt head, and as the load in the flange increases the bulb moves outwards 
to a point somewhere between the bolt hole and the edge of the end plate. The model 
presented by Kennedy et al. (1981) best describes the effect of prying on the bolts under 
various load conditions. Thick plate behaviour assumes no prying action, while for thin 
plate behaviour the prying is at a maximum. For intermediate behaviour, the influence of 
prying falls somewhere between the two extremes. 
Kennedy et a!. (1981) also suggested that ideal design of end plate connections should 
produce thick plate behaviour at serviceability load levels and intermediate plate 
behaviour at factored ultimate loads. At the true ultimate strength of the connection, 
Kennedy suggests that the end plate should fail in a ductile (thin plate) manner. 
The BCSA (1996) factors the loads according to the behaviour of the end plate (thin, 
intermediate or thick), while the AISC (1994) increases the bolt loads by a constant factor 
of 30 percent to consider the prying effects. The design model presented by Murray 
(1990) considers the bolt loads as factored. 
1.4.5.3 Eurocode Model 
Appendix J of Eurocode 3 (CEN, 1994) provides a detailed method for determining the 
strength and stiffness of an end plate connection. The strength of the connection is found 
by using a rigorous routine that checks all the components within the connection and 
determines the minimum resistance. This particular design philosophy is defmed as 
componential design, where the strength of the individual components of the connection 
is determined and the resulting strength of the connection defined. A similar method is 
also employed to develop either a bi-linear or non-linear moment-rotation relationship for 
the connection for possible use in non-linear inelastic (advanced) frame analysis. 
The strength of a moment end plate connection is determined using a simplified stub tee 
method using an effective yield line length. The length of the effective yield line depends 
on the arrangement of the bolts thus enabling the method to be used for numerous bolting 
arrangements. The yield line analysis used in Eurocode 3 considers curved as well as 
straight yield lines. 
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Chapter 2 
EXPERIMENTAL 
INVESTIGATION 
2.1 INTRODUCTION 
The development of design models for bolted moment end plate connections depends 
largely upon the availability of appropriate experimental data to verify the models. 
Current documented research into the design of bolted moment end plate connections is 
summarised in Chapter 1. Although some experimental data exists, the variation in the 
end plate layout (the number and positioning of the bolts) in previous published work is 
extensive, and no significant design models for flexure have been presented. The four-
bolt tubular end plate connection investigated by Packer eta/. (1989) and the eight-bolt 
tubular end plate connection investigated by Kato and Makai (1991) are examples of 
simple connections that have been earmarked as standard connections (Chapman eta/., 
1994). 
In this chapter, a comprehensive test programme consisting of 26 bolted end plate 
connections subjected to flexural loading is presented. Tests were conducted on both 
square and rectangular hollow sections joined at mid-span using a bolted end plate 
connection. The parameters that were varied in the tests include: ( 1) the thickness of the 
end plate; (2) the number of bolts in the connection; (3) the proximity of the bolts to the 
section perimeter; ( 4) the width of the end plate; and, ( 5) the shape of the section (ie., 
square or rectangular). The results presented include the ultimate moment capacity and 
the moment-rotation relationship for each test. 
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2.2 TEST SPECIMENS AND PROPERTIES 
2.2.1 Specimen Details and Fabrication 
The main focus of the test programme was to examine the behaviour of bolted moment 
end plate connections joining cold-formed rectangular and square hollow sections (RHS 
and SHS) subjected to pure bending. To eliminate the possibility of the connection 
strength being limited by local buckling of the connected beam section, compact sections 
(sections with width-to-thickness ratio ofless than 16) were selected. The nominal section 
sizes used in the experimental programme are shown in Table 2.1. Further details on the 
sections can be found in the Design Capacity Tables for Structural Steel Hollow Sections 
(AISC, 1992). The nominal yield stress of the tubular sections is 350 MPa, and the 
sections were manufactured to Australian Standard AS 1163 (SA, 199la). 
Table 2.1: Basic Details of Tested Sections 
Specimen No. Section Geometry Shape b-2t, d X b X ( 5 t, 
I, 3-4, 7-8, 11-13, 17-19, 23,24 150 X !50 X 9 SHS 14.7 
2,5-6,9-10,14-16,20-22,25,26 200 X J00 X 9 RHS 9.11 
Two series of tests were conducted. The classification of these tests was based upon the 
number of bolts used in the connection. The Type A connections (Tests #1-10) consisted 
of eight bolts, while the Type B connections (Tests #11-26) contained four bolts 
(Figure 2.1 ). Rectangular and square hollow sections were tested in both test series. 
Three additional tests were carried out on beam sections to determine the beam behaviour 
without the inclusion of a bolted end plate connection at mid-span. Tests B I and B2 were 
conducted on full beam sections (SHS and RHS respectively) to determine the bending 
behaviour of the section. Test B3 was used to study the effect of a mid-span full-
penetration butt weld on the bending behaviour of the section. This specimen consisted of 
a beam cut at mid-span, then joined using the same welding procedure that was used to 
connect the end plate to the section. All three of the comparative beam tests were 
conducted in an identical manner to the connection tests, thus providing results that are 
directly comparable to the latter tests. 
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2.2.1.1 End Plate Details 
The general layout of the end plates is shown in Figures 2.1a and 2.1 b for Type A and 
Type B connections respectively. The thickness (tp) and dimensions (Wp , Dp) of the end 
plates are detailed in Table 2.2. The distance from the edge of the plate to the centre of 
the bolts (a.) was constant for all tests, and set at 30 mm according to the edge distance 
limits specified in the Australian Standard for Steel Structures AS 4100 (SA, 1990). 
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gt-1 ' . ·, ii Ci I 
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~~~~-~~) ',,\~- ~ 
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0
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(b) Type B 
Figure 2.1 -End Plate Layouts and Notation 
In the Type A (eight-bolt) tests, three parameters were varied: the section shape, the 
thickness of the end plate (tp), and the distance from the perimeter of the tubular section 
to the bolts (s0 ). The plate width (Wp) and plate depth (Dp) vary according to the bolt 
position (s0 ), and are shown in Table 2.2. The positions of the four upper and lower bolts, 
defmed by g (Figure 2.1a), is the distance from the adjacent web of the section to the 
centre of the bolts. The value of g was selected so that the bolt "pitch" (p ') of the four 
bolts in either the top or the bottom half of the connection is approximately equal in a 
circumferential sense. 
In the Type B (four-bolt) tests, the section shape, the position of the bolts and the end 
plate thickness (tp) were again varied. The positions of the bolts were defmed by the 
vertical distance from the section flange (so) and the horizontal distance (c) from the 
section web to the centreline of the bolts (Figure 2.1 b). The plate width (Wp) and depth 
(Dp) varied as a consequence of maintaining a constant edge distance (ae) but varying the 
bolt position parameters (s0 , c). All relevant dimensions are given in Table 2.2. 
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Table 2.2: Schedule of Tests 
Specimen Type Section Plate Dimensions~ 
No. Shapet tp Wp Dp So 
1 A SHS 16 280 280 35 
2 A RHS 16 230 330 35 
3 A SHS 12 280 280 35 
4 A SHS 20 280 280 35 
5 A RHS 12 230 330 35 
6 A RHS 20 230 330 35 
7 A SHS 16 260 260 25 
8 A SHS 16 300 300 45 
9 A RHS 16 210 310 25 
10 A RHS 16 250 350 45 
11 B SHS 12 210 280 35 
12 B SHS 16 210 280 35 
13,13* B SHS 20 210 280 35 
14 B RHS 12 160 330 35 
15 B RHS 16 160 330 35 
16 B RHS 20 160 330 35 
17 B SHS 12 280 280 35 
18 B SHS 16 280 280 35 
19, 19* B SHS 20 280 280 35 
20 B RHS 12 230 330 35 
21 B RHS 16 230 330 35 
22 B RHS 20 230 330 35 
23 B SHS 16 210 260 45 
24 B SHS 16 210 300 25 
25 B RHS 16 160 310 45 
26 B RHS 16 160 350 25 
t dimensions of sections are given in Table 2.1 
t ae is equal to 30 mmfor all specimens 
*see note for Table 2.5 
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Bolts 
g c No. Length (/B) 
30 8 75 
15 8 75 
30 8 75 
30 8 90 
15 8 75 
15 8 90 
35 8 75 
25 8 75 
20 8 75 
10 8 75 
0 4 75 
0 4 75 
0 4 90 
0 4 75 
0 4 75 
0 4 90 
35 4 75 
35 4 75 
35 4 90 
35 4 75 
35 4 75 
35 4 90 
0 4 75 
0 4 75 
0 4 75 
0 4 75 
All bolt holes were 22 mm diameter clearance holes for M20 high tensile structural grade 
bolts. The end plate material was 350 grade steel, to AS 3678 (SA, 1981 b) with a nominal 
yield stress of 350 MPa. 
2.2.1.2 Bolt Details 
The bolt assemblies used in all but four of the connection tests (#13, #13*, #19 and #19*) 
were ungalvanised M20 high strength structural grade assemblies (grade 8.8/T). Tests #13 
and # 19 utilised corresponding galvanised bolt assemblies from the same manufacturer 
(Ajax Fasteners, 1992), since the ungalvanised bolts used in the previous tests were no 
longer available. Tests #13* and #19* were performed using ungalvanised M20 "metric" 
grade 8.8 bolt assemblies from an alternative manufacturer, with the assembly containing 
a thinner nut. 
All the bolts were manufactured to the requirements of AS 1252 (SA, 1981a), with a 
nominal proof stress of 840 MPa. The length of bolt (/8 ) used for each test depended on 
the end plate thickness, and details are given in Table 2.2. Further details on these bolt 
assemblies can be found in the manufacturer's catalogue (Ajax Fasteners, 1992). 
2.2.1.3 Fabrication of Specimens 
The typical layout of a test specimen is shown in Figure 2.2. The sections were orientated 
so that the electric resistance weld in the tube was positioned in the web of the specimen. 
To avoid any problems relating to bearing failure at the loading points, plates 150 mm 
wide and 10 mm thick were welded to the webs on both sides of the section. These plates 
protruded above the section at the loading points and below the section at the supports, 
thus facilitating the introduction of loads directly into the webs of the section. 
Loading Plate 
.". bnd Plate; ; 
SHS (RH S\Section 
j ~ 
""" 
!I 
'"<..._ 
1V 
1.- Support Plate 
Fillet Welds Weld 7 
450 
' 
1.-
~ 
;
950 
ct. 
i 
Figure 2.2 - Specimen Layout 
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The strength of the weld interface between the section and the end plate must exceed that 
of the fully plastic section. Consequently, the end plate was welded to the end of the 
section using a combination butt/fillet weld. These welds were specified as SP Category 
welds, with pre-qualification of the welding procedure carried out in accordance with 
AS 1554.1 (SA, 199lc). The weld preparation and procedure, together with the relevant 
qualifying tests, are given in Appendix A. 
2.2.2 Material Properties 
2.2.2.1 Tensile Coupons 
To determine the material properties of the end plate and tubular section, a number of 
tensile coupons were prepared and tested. Two tensile coupons were taken from each end 
plate thickness and three tensile coupons were taken from most hollow sections. The fust 
of the coupons from the hollow sections was taken from the comer, the second from the 
face adjacent to the seam weld, and the third from the face opposite the seam weld. 
The coupons were prepared and tested in accordance with AS 13 91 (SA, 1991 b) to 
determine the yield stress ([y), tensile strength (fu), and percentage elongation (eu) at the 
ultimate strength. For the comer coupons, which were initially rounded due to their 
position on the section, the grip lengths were pressed flat prior to testing. This enabled the 
coupons to be tested in the same manner as the flat coupons. 
2.2.2.2 Coupon Testing 
Most of the tensile coupon tests were performed in a 250 kN capacity Instron Universal 
Testing machine. A 2000 kN Dartec testing machine was used for the 20 mm end plate 
coupons. A pair of 20 mm strain gauges was placed on opposite faces to measure the 
strain. A displacement transducer was also placed on the crosshead of the testing machine 
to measure the total elongation. The specimens were loaded using displacement control at 
a rate of 0.05 em/min. The longitudinal displacement and the applied load were plotted 
continuously, and data recorded periodically by a Spectra data acquisition unit. By 
observing the load-displacement plot, the yield load was identified and the crosshead 
halted. By holding at this displacement for two minutes, the 'zero strain rate' (static) yield 
stress ([y) value could be determined. This procedure was repeated in the vicinity of the 
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ultimate load to determine the static ultimate tensile strength ifu). 
The measured values of yield stress ([y), ultimate tensile strength ifu) and the percentage 
elongation at ultimate (eu) are presented in Table 2.3 and Table 2.4 for the hollow 
sections and the end plate, respectively. Typical stress-strain curves for the section 
coupons and the plate coupons are shown in Figures 2.3 to 2.5. For the test coupons that 
exhibited no yield plateau, the yield stress ([y) is taken as the 0.2 percent proof stress, as 
shown in Figure 2.3. The elongation at ultimate (eu) was measured at the point 
immediately preceding the shedding of the load. The average measured values of/y andfu 
are compared with their respective nominal values from AS 1163 (SA, 199la) 
(/yn = 350 MPa and fun= 430 MPa for the sections), and from AS 3678 (SA, 198lb) 
(/yn = 350 MPa and fun= 450 MPa for the end plates). For the sections, the ratio h /fyn 
ranged from 1.08 to 1.43, and the value offu/fun was between 0.96 and 1.22. For the end 
plate, the ratio/y/fyn ranged from 1.00 to 1.01, and the ratiofuifun was between 1.07 and 
I. U. The percentage elongation ( eu) experienced in the section comers was much lower 
than for the section flats, this being due to the greater cold work done on the section 
comers during manufacture. Values of eu in excess of 20 percent were obtained for the 
end plate material. 
The initial elastic portion of the stress-strain curve was used to determine the elastic 
modulus (E) for the sections. An average value of E = 205000 MPa was determined for 
the flats of the cold formed sections, while an average value of E = 208000 MPa was 
ascertained for the comers of the cold-formed sections. The plate material demonstrated 
an ideal elastic-plastic behaviour with an average value of E = 207000 MPa. 
2.2.2.3 Bolt Tensile Properties 
The tensile properties of the M20 bolts were obtained by testing individual bolt and nut 
assemblies in a 2000 kN Dartec testing machine. Using a purpose-built test rig, the load 
was applied using displacement control at a slow rate to obtain the static tensile load of 
the assembly. The elastic modulus of the bolts was determined by testing a bolt 
containing a strain gauge mounted concentrically in the shank of the bolt. These strains 
were plotted against the applied load to obtain the load-strain relationship for the bolts, 
shown in Figure 2.6. The average yield load and ultimate load for the bolts were found to 
be 197 kN and 230 kN respectively, with an elastic modulus of209000 MPa. 
37 
Table 2.3: Result of Tensile Coupon Tests - Sections 
Section+ Position h /u f.lh /yl/yn /.1/un eu (MPa) (MPa) (%) 
Opposite 418 442 1.06 1.19 0.98 10.8 
SHS1 Adjacent 419 449 1.07 1.20 1.00 13.1 
Comer 498 550 1.10 1.42 1.22 1.4 
Opposite 425 459 1.08 1.21 1.02 8.1 
SHS2 Adjacent 404 441 1.09 1.15 0.98 12.5 
Comer 467 511 1.09 1.33 1.14 1.7 
Opposite 419 453 1.08 1.20 1.01 14.9 
SHS3 Adjacent 399 445 1.12 1.14 0.99 15.7 
Comer 497 540 1.09 1.42 1.20 1.8 
Opposite 410 432 1.05 1.17 0.96 9.8 
SHS4 Adjacent 398 430 1.08 1.14 0.96 10.2 
Comer 499 535 1.07 1.43 1.19 2.0 
Opposite 407 458 1.13 1.16 1.02 12.8 
RHS1 Adjacent 378 440 1.16 1.08 0.98 12.6 
Comer 461 511 1.11 1.32 1.14 2.2 
Opposite 408 452 1.11 1.17 1.00 13.6 
RHS2 Adjacent 378 446 1.18 1.08 0.99 13.2 
Comer 444 482 1.09 1.27 1.07 1.6 
··-
Note: 
fyn = 350 J\.1Pa 
fun = 430 J\.1Pa 
+ SHSJ, SHS2 etc. represent factory length coupons 
Opposite talrenfrom thefoce opposite the seam weld 
Adjacent talrenfromface adjacent to seam weld 
Corner taken from corner of section 
Table 2.4: Result of Tensile Coupon Tests -Plates 
Plate h /u f.lh /yl/yn f.! fun Thickness (mm) (MPa) (MPa) 
12 354 499 1.41 1.01 1.11 
16 349 482 1.38 1.00 1.07 
20 351 496 1.41 1.00 1.11 
Note: 
fyn = 350 J\.1Pa fun= 450 J\.1Pa 
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As discussed previously, all but two tests were conducted using the same type of bolt. 
Tests # 13 and 19 utilised galvanised bolts with nominally identical material properties to 
the ungalvanised bolts used in all other tests. Initially Tests #13* and 19* were conducted 
using bolts classified as high tensile "metric" assemblies manufactured to AS 1110 (SA, 
1995), as opposed to "structural" assemblies manufactured to AS 1252 (SA, 1981a). Bolts 
of the latter classification were used in all tests other than # 13 * and # 19 *. The difference 
between the "metric" and "structural" assemblies is the depth of the nut (18 mm for the 
"metric" classification, 21.3 mm for the "structural" classification). The metric assembly 
failed due to shear failure in the thread of the nuts at a load 15 percent lower than that for 
the structural assemblies. 
2.3 JOINT TESTING PROCEDURE 
2.3.1 Test Set-up 
A schematic view of the general test set-up, and a picture of a specimen being tested, are 
shown in Figure 2.7 and Figure 2.8, respectively. Each test consisted of a pair of identical 
halves bolted together, forming a beam specimen with an end plate connection at mid-
span. The support plates of the beam specimens were placed on half rounds, which in turn 
were placed on Teflon pads. To facilitate sliding, the undersides of the half rounds were 
machined to a high degree of smoothness, and lubricated prior to being placed on the 
Teflon pad, thus producing an idealised roller pin support. As high rotations were 
experienced by the beam specimens during testing, the loading points were set up in a 
similar manner. The half rounds were inverted, with the sliding face of the half round 
facing upwards. The spreader beam, with lubricated Teflon pads at the load points, was 
placed on the specimen as shown in Figure 2.7. These loading and support conditions 
allowed the specimen to rotate and slide horizontally, thus ensuring that the tested 
configuration modelled a simply supported beam and avoided the introduction of a net 
tensile force into the beam specimen. 
The simply supported beam specimens were tested by loading symmetrically at two 
points within the span using a spreader beam loaded centrally by the hydraulic ram as 
shown in Figure 2. 7. In this manner the connections were tested in pure bending. 
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Figure 2.7- Schematic View of Test Rig 
Figure 2.8- Test Specimen in Test Rig 
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The use of the support and loading plate resulted in the loads being applied at a finite 
distance above the neutral axis. This effect resulted in a non-linear relationship between 
the applied loads and the internal connection moment, with the departure from linearity 
becoming appreciable at large rotations. In the results presented in the following sections, 
a correction for this phenomenon was made by calculating the net increase in the lever 
arm due to the rotation of both the support plates and the loading plates. 
2.3.2 Instrumentation 
2.3.2.1 Rotation Measurements 
As discussed in Section 1.2.3, an important quantity to measure is the rotation of the 
connection itself (denoted Be in Figure 2.9), which corresponds to the change in the slope 
of the tangents to the deflected shape across the connection. Practical considerations 
within the experimental procedure, however, dictate that the rotation measurements be 
taken over a fmite length of the beam. The corresponding experimentally measured 
rotation is termed Bt in Figure 2.9. The total measured rotation (0.) of the connection is 
the sum of the connection rotation (Be), and the rotation generated by the curvature of the 
beam section (B,) over the fmite distance as shown in Figure 2.9. 
Column 
Beam 
Section 
B,=B,+Be 
Be 
Figure 2.9 Connection Rotation 
The rotation Bt was measured using two rods that were passed vertically through and 
fastened to the flanges of the beam section on either side of the connection (Figure 2.10). 
The rods were positioned at a distance l, from the midpoint of the connection, in the 
middle of the flange. Displacement transducers were positioned perpendicularly to the 
rods, at the top of one rod and the bottom of the opposite rod (Figure 2.1 0). From these 
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transducers the lateral movement at a given distance above (/c) and below (/,) the section 
was determined. Using the total vertical distance between the transducers and the 
measured lateral movements, the total rotation of the connection(~) can be calculated as: 
e = abs(/,) + abs(/,) 
' I t 
2.1 
The rotation of the beam section ( 8,) was determined using the measured values of strain 
in the beam during the tests. Strains were measured using strain gauges mounted on the 
centre of the top and bottom flanges of the section. The gauges were positioned away 
from the adjacent end plate at a distance equal to the depth of the section. It was assumed 
that at these positions the measured longitudinal bending strains are representative of 
engineering bending theory and are not greatly affected by the complex state of stress in 
the immediate vicinity of the connection. The rotation ( B,) was calculated assuming the 
curvature is uniform over the length (/, - fp) in which fp is the end plate thickness, 
e = 8 ' -s, .(z -t ) 
s d r p 2.2 
where d is the depth of the section and Be and lie are the strains on the tensile and 
compressive flanges of the sections respectively. 
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Figure 2.10 - Total Rotation Measurement 
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2.3.2.2 Plate Separation 
End plate separation on the tensile side of the connection indicates a departure from full 
connection rigidity to more flexible and non-linear connection behaviour. The rate of 
change of the end plate separation also gives a good indication of when a mechanism 
forms in the end plates. The end plate separation is also directly related to the connection 
rotation (Be)· 
The end plate separation was measured at the toe of the weld on the bottom (tensile) side 
of the connection. A pair of displacement transducers was mounted on the bottom flange 
running parallel with the section (Figure 2.1 0). The first transducer passed through the 
adjacent plate by means of a small hole, and monitored the movement of the opposite 
plate. The second transducer monitored the movement of the adjacent plate. The plate 
separation was calculated as the difference between the measurements recorded by the 
first and second transducers. 
2.3.2.3 Bolt Loads 
The bolts are a critical part of the connection and it was important to monitor their 
behaviour during testing. Forces in the bolts were measured using a small I Omm thick 
cylindrical load cell placed under the head of each bolt (Figure 2.11 ). The fmite size of 
the load cells resulted in an increase in the bolt grip of between 19 percent and 27 percent 
depending upon the end plate thickness. This had a significant effect on the stiffness of 
the connection, and possibly also a minor effect on the connection ultimate strength. 
These effects were minimised by using load cells that were as short as practicable. The 
use of short load cells, however, compromised the accuracy of the bolt force 
measurements, with calibration studies indicating that the measured forces are only 
accurate to within about 15 percent. 
21 
Strain Gauges -4--/ =to 
30 
Figure 2.11 -Load Cell Details 
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The load cells, detailed in Figure 2.11, were made using heat treated class 4110 steel 
which has a yield stress of 1280 MPa and an ultimate tensile strength of 1420 MPa. Three 
equidistant strain gauges positioned on the circumference of the load cell measured the 
average strain. 
Although not able to measure the magnitude of the bolt forces with a high degree of 
reliability, the load cells provided insight into the quantitative behaviour of the bolt 
forces, and hence the connections, throughout the load history. For the two fmal tests 
(Tests #13 & #19), fully instrumented bolts (with bolt strain gauges placed in the shank of 
the bolt) were used in addition to the load cells in an endeavour to provide more accurate 
results. However, the loads obtained using these bolts in the final tests proved to be no 
more accurate than those obtained from the load cells alone due to the effect on the 
measured strains of bending of the bolts. 
2.3.2.4 Displacements 
To measure the vertical deflections of the specimens, five displacement transducers were 
placed along the length of the beam, as shown in Figure 2. 7. Two transducers measured 
the displacement at the points of load application, one transducer was placed at mid-span 
to obtain the maximum deflection, and the final two transducers were placed 200 mm 
either side of the connection. 
2.3.3 Test Procedure 
Firstly the joint was assembled. The two halves of the specimen were placed in position 
in the testing machine (without bolts), with a central prop holding the joint in position. 
The bolt and nut assemblies were installed as shown in Figure 2.12a. A load cell was 
placed under the head of each bolt. Each M20 bolt was tightened to the designated pre-
tension of 145 kN, as specified in the Australian Standard for Steel Structures AS 4100 
(SA, 1990). This tension was achieved by using Coronet load indicating washers (Ajax, 
1992). The pre-load was achieved when the gap (8) between the flat washer and the 
Coronet washer reduced to 0.25 mm (Figure 2.12). To establish a uniform distribution of 
bolt tensions, the bolts were tightened in the sequences shown in Figure 2.12b and 2.12c 
for Type A and Type B connections respectively. 
Using the four-point bending arrangement, load was applied using a hydraulically 
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actuated ram under displacement control. For each load increment, the applied load, 
displacements and strains gauges were recorded by a Spectra data acquisition system. 
Once the specimen started to exhibit inelastic behaviour, the test was stopped for three 
minutes after the application of each increment to allow the yielding to spread and a true 
position of static equilibrium to be obtained. 
Flat Washer 
Bolt 
Load Cell Load Indicating Washer 
End Plates 
(a) Bolt Assembly 
80 04 0 1 30 IIODG 6 D 51 0 0 2 
30 07 04 20 
(b) Type A (c) Type B 
Figure 2.12 - Bolt Assembly Details and Tightening Sequences 
Since the sections used in the experimental work were not susceptible to local buckling, 
the ultimate load of the specimen was limited by either plastic section failure or 
connection failure. The connection ultimate load was limited by bolt failure, punching 
shear failure on the tensile side of the connection, or excessive deformations of the end 
plate. While not strictly an ultimate strength condition, the latter failure mode involving 
excessive deformations corresponded to the practical strength limit beyond which the 
connection became unserviceable. Each specimen was tested until the ultimate failure 
load was attained. Due to safety reasons, failure of the bolt assembly was deemed to 
occur when significant shedding of loads in the bolts occurred without actual fracture of 
the bolts. 
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2.4 TEST RESULTS AND DISCUSSION 
The ultimate connection moment (Mcu), the corresponding rotation at ultimate and the 
mode of "failure" for each test are shown in Table 2.5. The following four modes of 
failure were observed: 
• bolt failure when the bolts reached their ultimate tensile load; 
• punching shear failure in the tensile comers as the end plate sheared around 
the section; 
• plastic section failure with a plastic hinge forming in the beam section; 
• excessive deformations forcing termination of the test, referred to herein as 
the "deformation" mode of failure. 
A connection that did not fail as a result of bolt failure or punching shear was deemed to 
have failed when the rotation limit was reached (as described in Section 1.2.5), even 
though additional strength was observed as shown in Figure 2.13. Also listed in Table 2.5 
are· the yield moments (Mcy) for each connection defined by the intersection of the initial 
stiffness and the post-yield stiffness (see Figure 2.13). 
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:i Mru ·., Rotation Limit 
;; M ---·· -------· \,~ 
~ cy ' 
a ' 
0 ' ~ ' = ', 
0 ' 1 
= 8 
Bey Bcu 
Connection Rotation Be 
Figure 2.13- Typical Moment-Rotation Behaviour for Ductile End Plates 
The ratios of the experimental connection maximum moment (Mcu) to the measured 
plastic moment (Mp), defmed as the maximum moment attained in the plastic bending 
tests of the beam alone, are listed in Table 2.5. 
All the values for the connection rotation (Be) used in Figures 2.15 to 2.29 and 
Appendices B and C have been determined as outlined in Section 2.3.2.1. In this 
procedure the rotation of the section ( B,) is calculated using the beam strains, and the total 
rotation ( B,) of the connection measured using the lateral transducers. 
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Note: 
Table 2.5 - Experimental Results 
Test Yield Ultimate 
# Moment Moment Rotation McuiMp Mcv(kN.m) Mcu(kN.m) Bcu (rad) 
1 93.9 116.0 0.068 0.97 
2 98.6 124.5 0.037 0.90 
3 66.6 93.9 0.087 0.79 
4 98.0 116.0 0.013 0.97 
5 68.7 92.7 0.023 0.67 
6 102.0 136.7 0.009 0.99 
7 94.2 106.0 0.017 0.89 
8 73.3 97.6 0.039 0.82 
9 109.0 133.0 O.D18 0.96 
10 94.0 119.3 0.039 0.86 
11 31.0 48.6 0.056 0.41 
12 49.7 69.0 0.049 0.58 
13* NA 70.3 0.024 0.59 
13 57.2 77.4 0.034 0.65 
14 39.2 57.1 0.045 0.41 
15 53.5 72.5 0.039 0.53 
16 52.2 86.6 0.021 0.63 
17 22.0 38.6 0.069 0.32 
18 39.2 59.5 0.061 0.50 
19* NA 67.8 0.030 0.57 
19 52.2 72.4 0.059 0.61 
20 30.7 48.5 0.076 0.35 
21 50.2 71.3 0.054 0.52 
22 56.2 79.6 0.021 0.58 
23 42.5 58.3 0.060 0.49 
24 48.4 66.6 0.037 0.56 
25 46.7 62.1 0.047 0.45 
26 63.9 86.0 0.041 0.62 
SHS Mp = 119 kN.m 
Mpn= 87kN.m 
RHS Mp = 138 kN.m 
Mpn = 102 kN.m 
t Bolt =failure by bolt fracture 
Bolt Thread =failure by stripping of bolt threads 
Mode 
at 
Ultimatet 
Bolt 
Punching 
Bolt 
Bolt 
Punching 
Bolt 
Bolt 
Punching 
Punching 
Punching 
Deformation 
Bolt 
Bolt Thread 
Bolt 
Deformation 
Bolt 
Bolt 
Deformation 
Bolt 
Bolt Thread 
Bolt 
Deformation 
Bolt 
Bolt 
Bolt 
Bolt 
Bolt 
Bolt 
Punching= failure by section tearing away from plate at toe of weld (punching shear) 
Deformation= test terminated due to excessive deformations (rotations). 
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2.4.1 Type A (Eight-Bolt) Connections 
The ultimate failure modes for Type A connections, shown in Table 2.5, demonstrate that 
for the SHS the dominant mode of failure was tensile bolt failure. By comparison, the 
dominant failure mode for the RHS was punching shear occurring along the bottom 
flange at the intersection of the end plate and the toe of the weld, as illustrated in 
Figure 2.14. Comparisons of the connection ultimate rotations ( Bcu) and moments (Mcu) 
suggest that the connections using RHS were substantially stiffer than the SHS 
connections. 
,; 
r 
Figure 2.14- Plate Punching Shear 
For the Type A connections, the moment-rotation curves, the connection rotation versus 
plate separation responses, and the relative magnitudes of the bolt forces for each test are 
given in Appendix B. Typical moment-rotation curves for a Type A connection and the 
beam section are shown in Figure 2.15. It can be seen in this figure that the connection 
demonstrated an initial high degree of stiffness. As the loads increased, the rotations in 
the connection became more non-linear, indicating a progressive decrease in connection 
stiffness. The nature of the moment-rotation response depended upon the end plate 
variables of plate thickness and bolt position. The point at which the stiffness began to 
decrease markedly corresponded to the point at which the plate separation increased at a 
measurable rate, which occurred simultaneously with a marked increase in the loads in 
the tensile (bottom) bolts (Figure 2.16). A comparison between the plate separation (p5) 
and the joint rotation (Be) revealed a linear relationship between the two quantities (see 
Figure 2.27 later). 
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The effects of the end plate thickness (tp) and the distance from the bolts to the perimeter 
of the section (so) on the moment-rotation behaviour are shown in Figures 2.17 and 2.18 
for the SHS and RHS respectively. An increase in the plate thickness (tp) increased the 
rigidity of the end plate which subsequently increased the strength and stiffuess of the 
connection. This can be seen by comparing Test #3 (12 mm), with Test #I (16 mm) and 
Test #4 (20 mm) for the SHS, and Tests #5 (12 mm) with Test #2 (16 mm) and Test #6 
(20mm) for the RHS. Alteration of the bolt location had a similar effect on the 
connection, with the stiffuess and strength increasing as the rigidity of the end plate 
increased, corresponding to the bolts being positioned nearer to the section perimeter. 
This is shown by a comparison of the SHS Tests #1, #7 and #8 and RHS Tests #2, #9 and 
#10. 
While the ultimate failure modes for connections in Tests #1, #4, #6, #7 and #9 were 
classified as either bolt failure or punching shear failure, extensive yielding was present in 
the beam section at the ultimate load (see Figure 2.15). This is reflected in the high ratios 
McuiMp listed in Table 2.5. 
The change in bolt forces for Test #1 are shown in Figure 2.16. The moment-bolt load 
relationships demonstrate that the pairs of bolts located at the same level relative to the 
neutral axis behave in a similar manner. Bolts 4 and 5 were positioned at the base of the 
connection and experienced the highest tensile loads. Redistribution of the bolt forces in 
the connection is demonstrated by the fact that the forces in Bolt 4 reached an ultimate 
load and then commenced shedding load, even though the connection strength continued 
to increase. Bolts 3 and 6 behaved in a similar manner to the bolts at the base of the 
connection, but experienced lower loads. 
The tensile loads in the bolts at the top of the section (Bolts 1 and 8) reduced as the 
connection was loaded due to the superimposed compression resulting from the overall 
bending action. Bolts 2 and 7 initially experienced a reduction in loading. However, as 
the connection deformed and the end plates separated, the neutral axis position rose and a 
net increase in the bolt loads was observed. 
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The deformations observed in the end plates were dependent on the thickness of the end 
plate and the shape of the section. The thick (20 mm) end plate connections (Test #4 and 
#6) exhibited minimal deforn1ations, while for the intermediate (16 m.m) end plates 
thicknesses (Test# 1 and #2) deformations were significant with clear yield patterns 
developing. In the thin (12 nun) end plates (Test #3 and #5), the yield patterns observed 
in the 16 mm end plates were exaggerated with significant increases in the magnitudes of 
the deformations. Typical deformations for the eight-bolt end plate connections are shown 
in Figure 2.19a and 2.19b for the SHS and RHS connections respectively. 
2. 
~ 
' 
\ 
• • 
(a) Test 1 - SHS (b) Test 2- RHS 
Figure 2.19 Plate Deforrnations for Type A Connections 
Figure 2.19a shows the typical defonnations that occurred in the SHS connections. The 
yielding in the end plates was such that the edges of the end plate remained in contact at 
all times, with significant bulging occuring near the tensile flange of the beam section. 
The figure also shows that the tensile bolts in the section were subjected to significant 
bending. For the RHS connections, the deformations in the end plate differed 
significantly, as shown in Figure 2.19b. Unlike the SHS test (Figure 2.19a) significant 
separation occurred between the edges of the end plates, between the bolts on either side 
of the webs. The different modes of failure of the end plates identified in the experimental 
programme correspond to the modes of failure identified in the yield line analysis 
outlined in Chapter 4. 
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2.4.2 Type B (Four-Bolt) Connections 
The moment-rotation curves, the connection rotation vs. plate separation, and the relative 
magnitude of the bolt forces for each of the Type B connections are given in Appendix C. 
A typical moment-rotation curve for a Type B connection is shown in Figure 2.20 (Test 
#12). In most cases, the ultimate failure mode for Type B connections was tensile bolt 
failure, with the tests comprising the thinner (12 mm) plates generally being stopped due 
to excessive deformations. The ultimate connection moment rarely exceeded 0.6Mp, and 
consequently the beam sections showed no signs of yielding (Figure 2.20). This finding 
suggests that, for the range of section sizes and end plate thicknesses considered in this 
study, it is not possible to realise the full section capacity of the connected beam using 
this type of connection. 
As in the Type A connections, the Type B connections had an initial stiffuess closely 
resembling that of the pure beam section. However, the point at which the rate of rotation 
increases occurs at a considerably lower load than for the corresponding Type A 
connection. The rate of connection rotation (representing the stiffuess) of the connection 
also increased as the load increased, but at a greater rate than for the corresponding 
Type A connection. This rate was again dependent on end plate variables such as plate 
thickness and bolt position. As with the Type A connections, the point at which the 
stiffuess decreased markedly corresponded to the point at which a measurable plate 
separation occured. The load-moment behaviour of the bolts is presented in Figure 2.21. 
From an analysis of Figures 2.20 and 2.21 it can be seen that there is a marked increase in 
the bolt loads at the same point at which there is a significant decrease in the connection 
stiffuess. 
The effect of changes in the end plate width (Wp) and thickness (tp) are shown in 
Figures 2.22 and 2.23 for the SHS and RHS respectively. An increase in plate thickness 
(tp) increases the stiffuess and the strength of the joint (compare SHS Tests #11, #12, and 
#13, and RHS Tests #14, #15 and #16). This increase can be attributed to the increased 
stiffuess of the end plate. Increasing the plate width (Wp) (corresponding to moving the 
position of the bolts away from the line of the webs as denoted by the parameter c in 
Table 2.5) reduces the stiffuess and strength of the joint. This is shown by comparing Test 
#12 and #18 for the SHS, and Tests #15 and #21 for the RHS. The proximity of the bolts 
to the section flange (parameter s0 in Table 2.2) also has a significant effect. As the bolts 
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are moved closer to the flange of the section, the connection stiffuess and strength also 
increases, as demonstrated by comparing SHS Tests #23, #12 and #24, and RHS Tests 
#25, #15 and #26. 
The behaviour of the bolts below the neutral axis (tensile side of the connection) was 
similar to that observed for the Type A connections, with the bolts being loaded to their 
ultimate tensile capacity and then failing. Similarly, the loads in the bolts on the 
compressive side of the connection reduced as a result of loss of pre-tensioning. The 
imminent failure of the bolts is demonstrated by Bolt 3 in Figure 2.21, where load 
shedding occurred while the connection moment continued to increase. 
For the test specimens with the 12 mm end plate (Tests #11, #14, #17 and #20), a plastic 
mechanism formed in the plate prior to the bolts reaching their ultimate loads. The 
formation of these mechanisms resulted in additional loads being transferred to the bolts 
through prying action. Ultimate fracture of the bolts would eventually occur, but at very 
high connection rotations. Consequently these tests were stopped when the deformations 
became excessively large but prior to tensile failure of the bolts. 
Tests # 13 and # 19, corresponding to SHS with a 20mm end plate, were initially carried 
out using ungalvanised Metric Grade 8.8 bolts produced by Bremick Pty Ltd. These tests 
have been recorded as #13* and #19* in Table 2.5. The ultimate load of these tests was 
limited by bolt failure through shearing of the bolt thread. Due to the unsatisfactory 
nature of this failure mode, it was decided to repeat these tests using corresponding 
structural grade galvanised bolts from Ajax Fasteners (1992). The results of these 
additional two tests are reported as #13 and #19 in Table 2.5. The connection failure 
modes pertaining to these second tests were 10 percent higher than the earlier, nominally 
identical, tests (#13* and #19*) with the bolts failing through tensile fracture as expected. 
The results of tensile tests indicated that the ungalvanised (black) bolts and the equivalent 
galvanised bolts exhibited identical behaviour and strength. 
The magnitude of the end plate deformations and the corresponding yield line patterns 
varied substantially depending upon the stiffuess of the end plate and the position of the 
bolts with respect to the webs of the hollow section. Typical failure patterns of the end 
plates are shown in Figure 2.24. When the bolts were in line with the webs of the beam 
section (Figure 2.24a), a one-dimensional pattern of yield lines was observed. The yield 
58 
lines run across the width of the end plate and formed in three locations. The first yield 
line fonned adjacent to the compressive (top) flange of the beam, the second fonned 
adjacent to the tensile (bottom) flange of the section, and the third occurred through the 
bolt holes on the tensile side of the connection (see Figure 2.24a). The yield line passing 
through the bolt holes only occurred in the 12 mm end plates. 
(a) Test #15 & #14- Bolts in line with web (b) Test #17- Bolts outside line of web 
Figure 2.24 - Plate Defonnations for Type B Connections 
When the bolts were positioned outside the line of the beam webs and the end plate was 
sufficiently flexible, a different pattern of yield lines formed in the end plate as shown in 
Figure 2.24b. The yield lines formed in a symmetric manner diagonally across the tensile 
comers of the plate. This type of yield line pattern is illustrated in Figure Lil a. The yield 
line patterns described above were modelled by the yield line analysis outlined in 
Chapter 3. 
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2.4.3 Comparative Beam Tests 
The moment-rotation curves for the comparative beam tests Bl and B2 are shown in 
Figure 2.25 (rotations measured using the transducers as described in Section 2.3.2.1) 
along with the nominal full plastic moments. The tests were stopped once a clear yield 
plateau was attained and excessive deformations were experienced. The ultimate 
moments for the sections were 30 percent higher than the nominal full plastic moments 
computed using the nominal yield stress of 350 MPa. A further beam test (B3) was 
conducted on a specimen comprising two identical lengths of tube welded together at 
midspan but otherwise identical to B 1 and B2. The results for test B3 are given in Figure 
2.26 and demonstrate that the inclusion of the weld alone has minimal effect on the 
section behaviour and can be dismissed as having an effect upon the strength or stiffness 
of the end plate connections. 
· 2.4.4 Discussion 
The moment-rotation curves for both the Type A and Type B connections clearly 
demonstrate the non-linear behaviour of these types of end plate connections, with the 
pre-tensioning of the bolts and the distortion of the plates due to the welding process 
affecting the moment-rotation behaviour. 
Pre-tensioning of the bolts in the connection introduces a compressive force into the end 
plates. Until this compressive pre-load is exceeded by the superimposed tensile loads in 
the bolts on the tensile side of the neutral axis (resulting from the moment loading) the 
forces in the bolts themselves change little. When this pre-load is exceeded, however, 
plate separation occurs and the tensile bolts begin to take up the additional load. This 
phenomenon was demonstrated through the measured bolt loads, where a significant 
increase in tensile bolt forces was observed at the time the connection rotation and the 
plate separation started to increase rapidly. The pre-tensioning of the bolts increases the 
initial stiffness of the connection but has negligible effect upon the ultimate strength of 
the connection. 
During the welding process the end plates distort, causing the edges of the plate to curve 
towards the weld. The magnitude of the distortion of the edge of the plate depends upon 
the end plate thickness and the heat input from welding. The measured distortions ranged 
from 1 mm for the thickest (20 mm) plates to 3 mm for the thinnest (12 mm) plates. 
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When the connections are assembled, the prestressing of the bolts introduced stresses into 
the end plates. This has the effect of reducing the load required to initiate yield in the end 
plates. Again, the effect on the ultimate load of the connection is minimal, but a reduction 
in the stiffness of the connection may occur due to this early yielding in the end plate. 
These initial plate deformations also affect the bolt loads. In the experimental programme, 
the bolts were initially pre-tensioned to a prescribed load. As the end plates were initially 
deformed, the pre-tensioned bolts force the end plates to partially straighten, thus 
inducing initial stresses into the plates. As the connection deforms, the initial stresses 
diminish and the forces in the bolts above the neutral axis are lowered. 
While in most cases the ultimate failure mode of the connection was either punching 
shear or bolt failure, substantial plastic deformations were observed in the end plates prior 
to attainment of the maximum load. In general, these end plate deformations caused the 
connections to behave in a more ductile manner. In the case of the stiffest end plates, 
however, the moment-rotation response was non-ductile in nature and there was little 
warning of failure. 
The relationship between the measured plate separation (p,) and the connection rotation 
( t9c) is shown in Figure 2.27 for typical Type B connections. This relationship has been 
shown to be linear by analysis of the correlation coefficients (Freund, 1988). The 
correlation coefficient and corresponding linear relationship for each test, and the 
background theory, are given in Appendix D. 
2.4.5 Bjorhovde Classifications 
Using the non-dimensional classification scheme of Bjorhovde et a!. (1990), (see 
Chapter 1 and Figure 1.6), the connections tested have been classified in terms of their 
moment-rotation behaviour for both the strength and serviceability (stiffness) limit states. 
All test results are plotted in terms of the Bjorhovde classification scheme in Figures 2.28 
and 2.29 for Type A connections, and in Figures 2.30 and 2.31 for Type B connections. 
The values of Mp used to non-dimensionalise the results in Figures 2.28 to 2.31 were 
determined from the comparative beam tests (Figure 2.25). The ultimate plastic moments 
Mp are therefore 119 kN.m and 138 kN.m for the SHS and RHS respectively. 
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For the strength limit state, all the Type A connections, with the exception of Test #5, 
were classified as rigid connections (Figures 2.28 and 2.29). Test #5 was classified as 
semi-rigid because the non-dimensionalised ultimate moment did not exceed 0.7. In terms 
of serviceability, Tests #1, #2, #4, #6, #7, #9 and #10 were classified as rigid as their 
moment-rotation curves consistently fell within the rigid zone. The remaining tests (#3, 
#5, and #8) were classified as semi-rigid because a significant portion of their moment-
rotation behaviour fell within the semi-rigid zone. 
Although the strength and stiffness of the Type B connections (four bolts) varied greatly, 
all the connections were classified as semi-rigid for both the serviceability and strength 
limit states (Figures 2.30 and 2.31). 
Comparisons of the non-dimensionalised results for similar SHS and RHS connections 
are shown in Figure 2.32. There is a clear correlation between the connections with the 
same plate parameters of thickness and bolt position, as can be seen by comparing the 
square hollow section tests # 11 to # 13 with the rectangular hollow section tests # 14 to 
#16, respectively. This comparison demonstrates that the moment-rotation behaviour of 
the connections, expressed in a non-dimensionalised sense, is primarily a function of plate 
parameters rather than the cross-section shape. 
The ductility requirement as specified in the Bjorhovde classification scheme is also 
shown in Figures 2.28 to 2.32. Of the 26 tests carried out, 22 were considered to be semi-
rigid connections, with only six of these reaching the rotation requirement as specified by 
Bjorhovde (Tests #1, #3, #8, #17, #18 and #20). These connections were generally the 
SHS for which greater rotations prior to failure of the end plate were attainable, although 
one test comprised a rectangular section with a thin (12 mm) end plate. While only a few 
of the connections reached the rotation requirement, most of the connections behaved in a 
ductile manner prior to the cessation of tests due to excessive deformations; Test #4 and 
#6, corresponding to eight-bolt connections with a 20 mm end plate, were the exceptions. 
If the tests were not terminated prematurely to avoid bolt fracture it is likely that more 
connections would have reached the ductility limit shown in Figures 2.28 to 2.32. This 
comment is particularly applicable to Tests #11, #12 and #21. 
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2.5 SUMMARY 
In this chapter, a test programme investigating the behaviour of bolted end plate 
connections joining SHS and RHS was described. Two types of end plate connections 
were investigated, the first containing eight bolts (Type A) and the second containing four 
bolts (Type B). The moment-rotation behaviour of the connections has been presented to 
enable the response to be modelled correctly in advanced analysis of frames. The yield 
loads and ultimate strengths of the connections provide data for the calibration of 
theoretical and design models for these connection types. 
The tests showed that the rigidity of the end plate has a dominant effect upon the 
moment-rotation behaviour of the connection. The rigidity depends primarily upon the 
thickness of the end plate and the bolting arrangement. An increase in the thickness of the 
plate causes an increase in the stiffuess and strength of the connection. The connections 
containing eight bolts achieve higher stiffuess and strength than the corresponding four 
bolt connections. The location of the bolts with respect to the perimeter (flange or web) of 
the section affects the rigidity of the end plate. The closer the bolts are located to the 
perimeter, the more rigid the plate, and the greater the strength and stiffuess of the 
connection. In the Type B (four-bolt) connections, a decrease in the stiffuess and strength 
of the joint occurred as the bolts were moved away from the webs (resulting in the need 
for a wider end plate). 
The failure modes observed in the connection tests comprised either tensile bolt failure or 
punching shear (tearing out) of the tensile section flange from the end plate. While the 
ultimate failures occurred in the connections themselves for the stiffer Type A (eight-bolt) 
series, extensive yielding of the connected beam section was also apparent at the ultimate 
load. Local buckling failure of the sections did not occur because of their compact nature. 
Using the classification scheme proposed by Bjorhovde et al. (1990), the experimentally 
determined moment-rotation curves indicate that for the strength limit state the Type A 
connections are predominantly rigid, and the Type B connections are predominantly 
semi-rigid. For the serviceability (stiffuess) limit state, the Type A connections are 
classified as rigid for the thicker end plates but semi-rigid for the thinner end plates. 
Considering the nature of the entire moment-rotation responses, the Type B connections 
can all be classified as semi-rigid for the serviceability limit state. 
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Chapter 3 
THEORETICAL ANALYSIS -
FOUR BOLT CONNECTIONS 
3.1 INTRODUCTION 
As outlined in Chapter I, the development of theoretical models for the design of bolted 
tubular end plate connections containing two rows of bolts has received little attention 
from researchers. The primary focus of bolted tubular connection research has been on 
connections subjected to tensile loading only (Packer et a/., 1989), for which the model 
considers both yielding of the end plate and prying effects. 
In this chapter, a theoretical model is presented to enable determination of the yield 
moment (Mcy) and the ultimate moment (Mcu) for the four-bolt end plate connections 
joining rectangular hollow sections subjected to flexural loading. The model considers the 
combined effects of prying action and the formation of yield lines in the end plates. The 
yield moment is predicted using yield line analysis, while the prediction of the ultimate 
strength is based upon a modification of the "stub-tee" analogy (Agerskov, 1977, 
Kennedy eta/., 1981 ). 
The theoretical model presented in this chapter is calibrated and validated using 
experimental data from the test programme detailed in Chapter 2, and forms the basis of 
the design model described in Chapter 6. The four-bolt (Type B) end plate connection 
discussed in this thesis is characterised by two rows of bolts. The first row is positioned 
above the top flange of the section while the second row is positioned symmetrically 
below the bottom flange of the section. 
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3.2 PRYING ACTION 
Connections that consist of an end plate may experience a reduction in connection 
strength due to the flexibility of the end plate, which may result in increased bolt forces 
due to prying action (Nair et al. 1974, Agerskov, 1977, Douty and McGuire, 1965). To 
understand the concept of prying and its effect upon the connection strength, two simple 
tee stub bolted end plate connections are compared in Figure 3 .I. In the first connection 
(Figure 3.la), the end plate is assumed rigid and prying action is therefore avoided. The 
second connection (Figure 3.lb) contains a flexible plate that allows the introduction of 
prying forces (Q). The applied connection load (P) versus the tensile load in the bolts (I) 
for both connections are shown in Figure 3.1. In both cases, an initial tension of T0 is 
assumed to exist in the bolt. 
The behaviour of the bolt in the connection containing the rigid end plate is shown in 
Figure 3.la. When the load Pis applied to the connection there is initially no increase in 
the bolt tension (I) since an increase in the applied load (P) is balanced by a decrease in 
the contact force between the stub-tee and the surface to which it is bolted. However, as 
the load approaches the pre-load (T0 ) a gradual increase in the bolt tension is observed. 
Once the applied load exceeds the pre-load, the contact force becomes zero and the 
tension in the bolt (T) is equal to the applied load (P). The resulting ultimate load for the 
rigid end plate connection (Pu), is equal to the ultimate tensile load of the bolt (Tu). 
2.P 2·P 
T. T. 
T 
To I-----~ f ~---------- ?-.-. ~---
0 ' ' 
' 
t t p 
Eo- Eo-
o p P. 0 p P.+Q. 
P- P- P+Q 
(a) Rigid Stub-Tee Behaviour (b) Flexible Stub-Tee Behaviour 
Figure 3.1 -Bolt Forces in Stub-Tee Connections 
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The behaviour of a flexible end plate connection is shown in Figure 3.1 b. As the load (P) 
is increased beyond the initial pretension (T0 ), the end plate acts as a lever, trying to pry 
the bolts from the connecting surface. A prying force (Q) is thus generated between the 
end plate and the connecting surface and a corresponding increase in the bolt tension is 
observed. The tension in the bolt (7) is now the sum of the applied load (P) and the 
resulting prying force (Q). The ultimate load of the connection (Pu) is the ultimate tensile 
load of the bolt (Tu) minus the resulting prying forces (Qu). 
As outlined by Packer and McGuire, (1978), the magnitude of these prying forces 
depends upon the rigidity of the end plate and the applied load. Packer and McGuire 
(1978) identified three types of end plate behaviour termed thick, intermediate and thin 
plate behaviour. Thick plate behaviour is shown in Figure 3.2a and is characterised by a 
rigid end plate. As the tensile load (P) is applied, the end plate separates from the 
connecting surface, thus preventing prying action. Intermediate end plate behaviour is 
shown in Figure 3.2b. As the load is applied, the end plate deforms as shown, generating 
the prying forces (Q) at the points of contact and reducing the connection strength. If the 
end plate is sufficiently thin, then as the load is applied the prying forces increase until 
plastic hinges form in line with the bolts. The formation of these plastic hinges limits the 
connection strength as a plastic collapse mechanism forms. The prying forces are now 
limited to a maximum load, denoted as Qmax· The corresponding behaviour is termed thin 
plate behaviour and is shown in Figure 3.2(c). As discussed further below, once Qmax is 
reached the resultant prying force is assumed to act at a distance ap from the line of the 
bolts. 
2P t2P 
T T T T 
????{?/////?//???/? 
(a) Thick End Plate (b) Intermediate End Plate 
Figure 3.2 - End Plate Behaviour 
T 
a. 
! 
2P 
T 
Q...,:, Qmax 
(c) Thin End Plate 
The ultimate load of the connection (Pu) for the thick and intermediate end plate 
behaviour is assumed to occur when the tension in the bolts (7) reaches the ultimate 
tensile load of the bolts (Tu). The ultimate load of the connection behaving as a thin plate 
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is dependent upon the end plate geometry and material properties. 
The ultimate load for the thick end plate can be easily calculated by determining the 
tensile strength of the bolt group. For the intermediate end plate, the reduced failure load 
(Pu) is defined as the ultimate tensile load in the bolts (Tu) minus the prying force at the 
ultimate load (Qu)· 
p" =Tu -Qu 3.1 
For the thin plate, the applied load causing the plastic collapse is determined using yield 
line analysis. 
As shown in Figure 3.2, the magnitude of the prying force (Q) depends upon the 
flexibility of the end plate. To determine the magnitude of the prying forces, an 
assumption must be made concerning their location. Nair et al. (1974) states that initially 
there is a pressure bulb under the bolts due to the pre-tension, and as the load is applied 
this bulb moves away from the bolts until a defmed limit is reached. To simplify the 
analysis, it is assumed here that this bulb of prying forces can be represented by a point 
load acting at a distance ap from the line of bolts. This distance is critical in determining 
the prying force (Q), as the latter can be defined in terms of the internal moment at the 
line of bolts (M1) and the distance to the prying force ap. 
Q=Mt 
aP 
3.2 
Various limits have been placed upon the maximum value of ap, with Mann and Morris 
(1979) specifying a limit based upon the bolt diameter (dr) (ap ~ 2.5·dr), and Nair et al. 
(1974) specifying the distance based upon the end plate thickness (tp) (ap ~ 2·tp)· As the 
magnitude of the prying forces depends largely upon the stiffuess of the end plate, the 
limit of2tp defmed by Nair et al. (1974), based on the end plate thickness will be used in 
this thesis. 
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3.3 THEORETICAL FORMULATION 
3.3.1 General 
As discussed in Chapter 1, the moment-rotation behaviour of the bolted moment end plate 
connection is generally non-linear, with higher levels of ductility demonstrated in the 
more flexible end plates (Figure 1.4). Consequently, an appropriate theoretical model 
should accurately predict both the initial yield moment (Mcy) and the ultimate connection 
moment (Mcu). 
~c WI'. 
' ' '-- I 
a. ~r--- 0 0 
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d l
- I-t, Dp 
oj jo 
b 
Figure 3.3 -End Plate Layout and Notation 
The model presented in this chapter pertains to a four-bolt (Type B) moment end plate 
connection as detailed in Figure 3.3. The connection yield moment (Mcy) is predicted 
using yield line analysis assuming that the end plate contains a mechanism characterised 
by the formation of yield lines in the end plate and/or yielding of the bolts in tension. The 
yield line analysis is described in Section 3.3 .2 and serves to provide an estimate of the 
yield moment based on a fully plastic stress of h in the yield lines. Prying action is not 
considered in the yield line analysis. 
The ultimate strength of the connection (Mcu) is predicted using a theoretical model based 
on the stub-tee analogy which considers the effects of prying. The stub-tee model, 
originally derived for !-section moment end plate connections, is limited by the 
assumption that the end plate behaves in a one-dimensional fashion, with the yield lines 
forming across the width of the end plate as shown in Figures 3.5, 3.6 or 3.7. Since these 
yield lines invariably undergo significant rotations prior to attainment of the connection 
ultimate moment, it is appropriate to use a design stress for the end plate that considers 
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strain hardening. Consequently the yield lines at the ultimate moment (Mcu) are assumed 
to be stressed to a level denoted fi,, which is greater than the yield stress h but less than 
the tensile ultimate strength fu. 
The stub-tee analogy is based on a one-dimensional pattern of yield lines in the end plate. 
The analysis presented in Section 3.3.2, however, suggests that for some bolting 
arrangements the yield lines actually form in a two-dimensional manner (Plastic 
Mechanisms 4 and 5). Consequently, a generalised connection model is presented in 
Section 3.4.4 in which the stub-tee analogy is modified using virtual work principles to 
cater for two-dimensional yield line patterns. 
3.3.2 Yield Line Analysis 
The yield line analysis presented in this thesis assumes that the plastic collapse 
mechanisms which form within the connection are the result of either the plastic failure of 
· the end plate, the tensile failure of the bolts, or a combination of the two. An example of 
plastic failure in the end plate is shown in Figure 3.4a. Termed a Type 1 failure, this 
failure occurs when the mechanism forms within the end plate and yielding of the bolts 
does not occur. Tensile failure of the bolts, termed a Type 2 failure, is shown in 
Figure 3.4b and occurs when the applied load on the bolts is equal to the yield capacity of 
the bolt group. For this failure mode, no yielding occurs in the end plate. The combined 
failure, termed a Type 3 failure, is the result of simultaneous yielding in the end plate and 
bolts as shown in Figure 3.4c. 
. ... ···· 
(a) Type I Failure (b) Type 2 Failure (c) Type 3 Failure 
Figure 3.4- Yield Line Modes of Failure 
Since a yield line analysis provides an upper bound solution, the consideration of 
numerous yield line patterns may be required to determine the governing failure mode. In 
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this chapter, six yield line patterns are identified and analysed. The material properties 
used for the numerical results of the yield line analyses are those obtained experimentally 
and defmed in Chapter 2. 
The analytical expressions for the yield moments (My1) are obtained using virtual work 
principles by applying a virtual displacement ( 8) to the external edge of the tensile flange 
of the section. Kinematically admissible yield line patterns in the end plates that allow the 
imposed displacement are then identified and analysed to determine the internal work. 
The moment acting on the connection at the time of formation of a plastic mechanism 
(My1) is found by equating the applied external work to the internal work resulting from 
the formation of the plastic hinges. The analysis presented here assumes that the yield 
lines are straight, the planes defmed by the yield lines remain rigid, and the displacements 
are infinitesimal. 
The internal work ( U1) performed during plastic collapse is defmed as the sum of the 
internal work generated by the yield lines (Up) and the work generated by the yielding of 
the bolts ( Ub), expressed as 
U1 = I;e.v .()"' ·m. + 2:;BY1 ·Db 
yield bolts 
lines 
where Buv is the rotation of the yield line formed between planes u and v, resulting 
from the virtual displacement, 
mp is the plastic moment of the yield line per unit length 
e"' is the length of the yield line formed between planes u and v 
By1 is the yield stress of the bolt 
Db is the induced displacement of the bolt (compatible with the yield line 
rotations Buv). 
3.3 
To determine the yield line rotation Buv. two planes u and v are expressed in terms of their 
normal vectors nu and nv. Using the vector cross and dot products, the rotation of the 
yield line between the planes u and v ( Buv) can be expressed as 
tan(} - nu X nv 
uv-
nu •n v 
3.4 
If the angle Buv is small, as is appropriate in virtual work calculations, the rotation is 
simplified to 
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e., nuX nv 3.5 
nu •nv 
The external work performed on the connection is equal to the connection moment (My1) 
multiplied by the rotation of the rectangular section connected to the end plate. In this 
analysis it is assumed that rotations are small, and thus the rotation of the tubular section 
is equal to the virtual displacement divided by the depth of the section. The external work 
is expressed as 
UE =M . 0 
yl d 
' 
where d, is the overall depth of the section used to calculate virtual external work. 
3.6 
By equating the internal work (Equation 3.3) and the external work (Equation 3.6), the 
analytical expression for the moment causing a plastic mechanism (My1) can be derived 
fo~ various yield line patterns. 
3.3.2.1 Plastic Collapse Mechanism 1 
Plastic Collapse Mechanism I, shown in Figure 3.5, is a Type 3 failure mechanism which 
consists of one yield line and yielding of the tensile bolts. The yield line 12 forms across 
the width of the end plate at the intersection of Planes I and 2, adjacent to the 
compressive flange of the section. 
The virtual displacement ( 0) is applied to the tensile flange of the beam section. The 
resulting rotation between Planes I and 2, and the displacements of the tensile bolts are 
given in Table 3.1. Also tabulated is the internal work generated by the yield lines (Up) 
and the bolts ( Ub), where n is the number of bolts in the tensile row, (n = 2 in 
Figure 3.5a). 
Table 3.1 -Plastic Collapse Mechanism 1, Four-bolt Connection 
End Plate 
Bolts 
Virtual Displacements 
0 (rotation) 
d 
(d+s.)·o 
d 
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'f 
~~ The expression for the moment causing plastic collapse of the connection (My!) according 
:i to Mechanism I is found by summing the internal work (Table 3.1), then equating it to 
the external work (Equation 3 .6). The resulting expression is 
M = ·d (
W• ·m. +n·By1 ·(d+s.)) 
yl d ' 3.7 
3.3.2.2 Plastic Collapse Mechanism 2 
Plastic Collapse Mechanism 2, shown in Figure 3.6, is a Type 3 failure mechanism. The 
mechanism occurs when the two yield lines 12 and 23 form across the width of the end 
plate, coupled with yielding of the tensile bolts. The yield line 12 is located adjacent to 
the compressive flange of the section, at the intersection of Planes I and 2. Yield line 23 
occurs at the intersection of Planes 2 and 3, adjacent to the tensile flange of the section. 
If the virtual displacement (b) is applied at the tensile flange of the section, the resulting 
normal vectors defming Planes 1 to 3 are expressed by 
n1 =Oi+Oj+k 
n2 =Oi+oj+dk 
n3 = 0 i - o j +(so + a.}k 
Using Equation 3.5 the angles between the intersecting planes can be calculated, and 
these are given as yield line rotations in Table 3.2. Also presented in Table 3.2 are the 
lengths of the yield lines and the resulting internal work generated in the end plate. 
Table 3.2- Plastic Collapse Mechanism 2, Four-bolt Connection 
Yield Line No (uv) Rotation Buv Length fuv Internal Work Upuv 
0 W ·o 
12 - Wp -"-·m d d p 
23 
o·(d+s. +a.) 
Wp 
w. ·(d+s. +aJ·o 
d ·(s. +a.) ·m d ·(s. +a.) P 
The internal work generated in the bolts is defmed as the product of the virtual 
displacement at the bolt position, and the corresponding bolt yield load, and is expressed 
as 
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n·By1 ·a, Ub= ·o 
so +ae 
3.8 
The total internal work (U1) for the mechanism is determined by swnming the internal 
work contributions from the end plate (Table 3.2) and bolts (Equation 3.8). 
-((d+2·s. +2·a.} W " n·By1 ·a, ") W- · ·u·m + ·u 
I (so +ae)·d P P So +ae 3.9 
Equating the total internal work (Equation 3.9) and the external work (Equation 3.6) the 
expression defming the applied moment to cause plastic collapse of the connection 
according to Mechanism 2 is expressed as 
-((d+2·(s. +a.))·WP n·By1 ·a,) 
MY1 - ( ) ·mP + ·d, 
s.+a, ·d s0 +a, 
3.10 
3.3.2.3 Plastic Collapse Mechanism 3 
Plastic Collapse Mechanism 3, shown in Figure 3.7, entails a Type 1 failure containing 
three yield lines, all of which span the entire width of the end plate. Yield line 12, defmed 
by Planes 1 and 2, is adjacent to the compressive flange of the section, while Yield 
line 23, defined by Planes 2 and 3, forms adjacent to the tensile flange of the section. The 
third yield line 34, defined by Planes 3 and 4, forms across the end plate and passes 
through the tensile bolt holes. The formation of the yield lines in this manner is assumed 
to prevent yielding of the bolts. 
Applying the virtual displacement ( 0) to the tensile flange of the section the resnlting 
normal vectors defming Planes 1 through to 4 are 
n1 =Oi+Oj+k 
n2 =Oi+oj+dk 
n,=Oi-oj+s.k 
n 4 =0i+0j+k 
The angles between intersecting planes along each yield line can be determined from 
Equation 3.5, and these are given in Table 3.3. The length of each yield line, and its 
respective internal work contribution, are also tabulated. Since yield line 34 forms 
through the bolt holes its length is given by Wp- n·dr as noted in Table 3.3. 
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Table 3.3- Plastic Collapse Mechanism 3, Four-bolt Connection 
Yield Line No. (uv) Rotation r9uv Length Ruv Internal Work Upuv 
0 W ·o 
12 - w. -"-·m d d p 
23 
o·(d+sJ 
w. 
w. ·(d+sJ·o 
·m d·s d ·S p 0 0 
0 W -n·dr 
0 . (w. - n. d, ) 
34 - ·m 
so p s p 0 
The resulting expression for the connection moment to cause plastic collapse of the end 
plate according to Mechanism 3 is found by summing the internal work from Table 3.3 
and equating it to the external work (Equation 3.6), thus giving: 
M =( 2 ·(d+s )·W yl 0 p 
so ·d 
n·d,J·m ·d 
- p ' 
so 
3.11 
3.3.2.4 Plastic Collapse Mechanism 4 
Plastic Collapse Mechanism 4, shown in Figure 3.8, is a Type 1 failure mechanism 
consisting of six yield lines in the end plate. The bolts are assumed not to yield but, as in 
Mechanism 3, a reduction in the yield line length due to the bolt holes is considered. 
Yield line 12, which forms at the intersection of Planes I and 2, lies adjacent to the top of 
the section across the width of the flange plate. The diagonal yield lines 23 and 25, 
comprising the intersection of Planes 2 and 3 and Planes 2 and 5 respectively, pass 
through the lower comers of the section and intersect the vertical axis of symmetry of the 
connection a distance u from the lower plate edge. Two additional yield lines (34 and 56) 
defmed by the intersection of Planes 3 and 4 and Planes 5 and 6, pass diagonally through 
the tensile bolts as shown in Figure 3.8. A fmal yield line 35, the intersection of Planes 3 
and 5, of length u extending from the lower edge of the plate, lies along the vertical axis 
of symmetry of the connection. 
Assuming a virtual displacement ( 0) is applied to the tensile flange of the section, the 
Planes 1 to 6 can be expressed in terms of their normal vectors as 
80 
n1 =Oi+Oj+k 
n2 =Oi+o j+dk 
n3 =oi-r·o j+(2·q·c+so ·b)·dk 
n4 =Oi+Oj+k 
where V=S0 +d 
q=a,+s0 -u 
r=2·q·c-b·d 
n 5 =-oi-r·o j+(2·q·c+so ·b)·dk 
n 6 =Oi+Oj+k 
Utilising Equation 3.5 the rotation for each yield line is calculated and g1ven m 
Table 3.4a, along with the respective yield line length. The resulting expressions for the 
internal work contribution of each yield line are given in Table 3.4b. 
Table 3.4a- Plastic Collapse Mechanism 4, Four-bolt Connection 
Yield Line No. (uv) Rotation Buv Length Cuv 
12 
23, 25 
34, 56 
35 
0 
d 
V·~b 2 +4·q 2 .,.,.....~---="'-=-. 0 (2·c·q+so ·b)·d 
)r2 +4·v2q 2 ·o 
d·(2·c·q+S0 ·b) 
4 v·q ·o 
d ·(2·c·q+S0 ·b) 
wp 
wp ·)b2 +4·q 2 
2·b 
a, ·(2·v-r) J4 ·q' .y2 +r 2 -d, 
2·r·q·v 
u 
Table 3.4b- Plastic Collapse Mechanism 4, Four-bolt Connection 
Yield Line No. (uv) 
12 
23,25 
34, 56 
35 
Internal Work Upuv 
wp 
-·o·m d p 
v·(b 2 +4·q 2 )·Wp --~----~~~·o·m 
2·b·(2·c·q+S0 ·b)·d P 
1 2 2 
vrz +4·v q ·C,, ·o ·mP 
d·(2·c·q+so ·b) 
v·q·u 
4 ·o·m (2·C·q+S0 ·b)·d P 
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The expression for the moment to cause plastic collapse of the connection end plate 
according to Mechanism 4 is found by summing the values from Table 3.4b and equating 
this to the external work (Equation 3.6), giving 
[ 
v · wp ( , 2) f~ 2 2 2) l wp -b-· b +4·q +2·\ r +4·v ·q -£ 34 +4·u·q·v 
M = -+ ·m ·d 
'
1 d (2·q·c+s. ·b)·d P ' 
where v=d+s0 
q=a,+s0 -U 
r=2·c·q-b·d 
a, ·(2·v-r))r2 +4·l·v2 c,. = d, 
2·q·v·r 
3.12 
This expression must be minimised with respect to u to give the lower bound moment for 
the mechanism. By physical considerations, the value for u must be greater than or equal 
to· zero, and less than (s0 + ae). For practical evaluation of Equation 3.12, the 
minimisation with respect to u is performed numerically. 
3.3.2.5 Plastic Collapse Mechanism 5 
Plastic Collapse Mechanism 5, shown in Figure 3.9, is a Type 1 failure comprising five 
yields lines with no bolt yielding. Yield line 12 is defmed by the intersection of Planes 1 
and 2 and lies adjacent to the compressive flange of the section. The remaining yield lines 
all pass through the point at which yield line 12 and the edge of the plate intersect. Yield 
lines 23 and 25, defmed by the intersection of Planes 2 and 3, and Planes 2 and 5 
respectively, pass through the comer of the section on the tensile side and continue to the 
bottom edge of the end plate. Yield lines 34 and 56 also start at the intersection of yield 
line 12 and the edges of the end plate, and pass through the tensile bolt holes to the 
bottom edge of the end plate. 
The moment to cause plastic collapse of the end plate is found using virtual work 
principles by prescribing a virtual displacement ( 0) at the bottom of the section. Planes 1 
through to 6 can now be expressed in terms of their normal vectors as 
n1 =Oi+Oj+k 
n2 =0i+oj+dk 
n3 = o · (d +s.)i +a, ·O j+(c·(d +sJ+a, ·sJk 
n4 =Oi+Oj+k 
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Figure 3.9- Plastic Collapse Mechanism 5, Four-bolt Connection 
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• 
n5 =-0 ·(d +s.)i+a, ·0 j+(c·(d +s.)+a, ·s.}k 
n6 =0i+0j+k 
Using Equation 3.5, the angles between intersecting planes along the yield lines can be 
calculated and these are given in Table 3.5a. Also presented in this table are the lengths of 
the yield lines. The resulting internal work for each yield line is given in Table 3.5b. 
Table 3.5a- Plastic Collapse Mechanism 5, Four-bolt Connection 
Yield Line No. (uv) Rotation Buv Length luv 
12 
23 
34 
0 
d 
8 ·(d +s.).jd2 +{c+a,}2 
d · (c · (d + s.}+ a,· s.} 
8 ..Ja/ +(d +sj 
{c · (d + s.)+ a,· s.) 
Wp 
(a, +s. +d) .j(c+a,? +d2 
d 
(a, +s. +d) .ja,2 +(d+s.? -dr (d+s.) 
Table 3.5b- Plastic Collapse Mechanism 5, Four-bolt Connection 
Yield Line No. (uv) Internal Work Upuv 
12 
23 
34 
wp 
-·O·m d p 
v{d2 +(a, +cY Xa, +v) ·O ·m 
d2 ·(c·v+a,·s.) P 
(a,2 +v2 ){{a, +v)-dr ·v·.Ja,2 +v2) 
------~~----~------~·O·m (c·v+ae ·s0 )·v P 
The expression for the connection moment to cause plastic collapse of the end plate 
according to Mechanism 5 is found by equating the sum of the internal work (Table 3.5b) 
and the external work (Equation 3.6), thus giving 
MY,= 
b + 2 ·(c+a,) (s. +d)· (d 2 +(a, +c Y). (a,+ (s. +d)) 
d + d2 ·(c·{s. +d)+ a, ·s.) + 
k +(s. +dY){(a, +(s. +d))-dr ·(s. +d)·.Ja,2 +(s. +d?) 
(c·(s. +d)+ a, ·s.)·(s. +d) 
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·m. ·d, 3.13 
3.3.2.6 Plastic Collapse Mechanism 6 
Plastic Collapse Mechanism 6, shown in Figure 3.10, is a Type 2 failure. This mechanism 
forms when all the bolts in the connection yield, with no yielding occurring in the end 
plate. 
Using virtual work principles, a virtual displacement ( t5) is applied to the tensile flange of 
the beam section. The resulting displacements of the bolts and the corresponding virtual 
work contributions are given in Table 3.6. 
Table 3.6- Plastic Collapse Mechanism 6, Four-bolt Connection 
Bolt No. I Virtual Displacement Internal Work 
a ·O ae ·Byt 
#1, #2 I ' ·0 a, +S0 +d a, +s0 +d 
#3,#4 I 
(a,+2·s0 +d)·8 (a, +2·s0 +d)·B,1 
a, +S0 +d 
·0 
a, +s0 +d 
The expression for the connection moment to cause plastic collapse according to 
Mechanism 6 is found by summing the internal work from Table 3.6 and equating it to 
the external work (Equation 3.6). 
(
(2·a, +2·s0 +d)·B,1 ) M 1 =2· ·d 
' a,+s0 +d ' 
3.14 
3.3.3 Connection Yield Moment 
By their nature, yield line analysis results constitute an upper bound solution for any 
given mechanism. Of all possible mechanisms, the one with the lowest calculated yield 
moment is taken as the governing mode, and this value defines the connection yield 
moment (My1). For each test specimen, the calculated yield moments for each mechanism, 
and the governing failure mode, are tabulated in Table 3. 7 using the end plate dimensions 
as defmed in Table 2.2. 
The plastic moment per unit length (mp) for yield line analysis is defined as 
I 2 
mp = 
4 
·tp . f, 3.15 
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• 
where h is the yield stress of the end plate as defined in Table 2.4, and tp is the end plate 
thickness. 
Test I 
# I Mode 1 (kN.m) 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
I 66.4 
68.4 
71.1 
85.0 
86.5 
88.6 
67.2 
69.9 
73 .5 
85.9 
88.1 
91.0 
71.8 
64.9 
90.0 
83 .0 
.~ 
Table 3.7- Yield Line Results 
Yield Line Moment M yt 
Mode2 
(kN.m) 
36.0 
43.7 
54.8 
40.0 
53.3 
I' 
Mode3 
(kN:m) 
22, _ ~~~···t. 
" 'Itt.~ ~ ' . 
48.9 
"'\ 
76.8 
Mode4 
(kN.m) 
32.9 
57.6 
90.5 
26f!i/ ¥J ' 3 7. 6 
~· . 
;; 
46.,-8. i 65.9 
73.5 103.6 
38.1 ·~z,·s~I~ • 
.. 
-'~.:;,: . 
66.7 . . 44:b~ ;t 
104.8 69.2 
Mode 5 
(kN.m) 
221.0 
387.3 
608.6 
459.3 
804.9 
1264.9 
37.7 
66.1 
103.9 
--
48.6 
62.8 
..... ,, .. _, .. ,, 
77 •. .. 
' ' 
41.2 
47.9 
.6 
40.0 
70.0 
110.0 
69.7 
67.5 
79.8 
45 .8 
81.5 
51.8 
94.6 
56.9 
99.8 
156.8 
329.1 
500.2 
669.1 
1065.8 
I 
I 
I Ratio 
Mode 6 IM 1M. (kN.m) yl . . cy 
68.4 
68.4 
68.4 
88.8 
88.8 
88.8 
68.4 
68.4 
68.4 
88.8 
88.8 
88.8 
70.1 
66.5 
90.9 
86.6 
I 
I 
0.90 
0.94 
1.01 
0.68 
0.87 
1.25 
1.14 
1.12 
1.31 
0.94 
1.01 
1.38 
0.91 
1.13 
0.78 
1.01 
Mean 1.02 
S.D. 0.19 
In the yield line analysis presented it was assumed that the section is perfectly rectangular 
(neglecting the rounding of the comers), thus simplifying the analysis. The yield lines 
were also assumed to act along the edge of the section. In reality, the fillet weld used to 
connect the section and the end plate results in the formation of yield lines along the top 
of the weld on the tensile side of the connection rather than along the edge of the section. 
This phenomenon is accounted for in the yield line analysis by correcting the section 
depth (d) and the distance from the line of the bolts to the section flange (s 0) to 
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d'=d+s·.Ji 
so'=so -s/.J2 
3.16 
3.17 
where s is the leg length of the fillet weld. It should be noted that the corrected depth ( d') 
is only used in place of the actual section depth (d) for internal work calculations. The 
external work is always expressed in terms of the actual section depth ( d = d.) as noted in 
Equation 3.6. 
In the experimental work described in Chapter 2 only three modes of failure were 
observed. This fmding is reflected in the yield line analysis, with only three of the six 
considered mechanisms being found to govern across the full range of tests. 
Comparison of the yield moments for Modes 3 and 4 demonstrates that sufficient spacing 
of the tensile bolts away from the section perimeter will cause a reduction in the 
connection yield moment by approximately 30 percent. The thickness (stiffness) of the 
end plate also affects the mode of failure. Thicker (stiffer) end plates tend to result in 
failure of the bolts (Mode 2), while the failure mechanism for thinner plates tends to be 
confined to the end plate itself (Modes 3 and 4 ). 
The ratio of the experimental yield moments (Mcy), given in Table 2.5, and the predicted 
yield moment (My1) are presented in Table 3.7. While the mean of the ratio of predicted to 
experimental results is reasonable at 1.02 the standard deviation of 0.19 indicates that this 
method does not accurately predict the observed yield moment. The variation between the 
experimental and predicted results is attributed to the above-mentioned inaccuracy in the 
model (rounded comer effects), and the fact that the experimental values are simple 
estimates of the yield moment obtained from the intersection of two relative imprecise 
tangents to the moment-rotation curve. Appendix E contains the experimental curves, the 
approximations used to predict the yield moments, and the predicted yield moments for 
all tests. 
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3.3.4 Modified Stub-Tee Method 
The stub-tee analogy has been used in 1-beam moment end plate connection models to 
determine the prying forces (Kennedy, 1981; Nair et al., 1974). The method involves a 
simple rigid plastic (yield line) analysis carried out on an analogous beam that represents 
the one-dimensional behaviour of the end plate with yield lines parallel to the axis of 
bending only. This simple representation of the connection is shown in Figure 3.11, with 
the equivalent beam having a length equal to the plate depth (Dp), and a depth equal to the 
plate thickness (tp)· The model assumes that the plastic hinges that form at Points 1, 2 and 
3 (Figure 3.11) represent yield lines which form transversely across the end plate as 
demonstrated in the Plastic Collapse Mechanisms 1, 2 and 3 (Figures 3.5, 3.6 and 3. 7). As 
in the yield line analysis, the positions of the yield lines are assumed to be influenced by 
the size of the weld, and consequently the values of d and so are modified using Equations 
3.16 and 3.17 respectively. If the bolts are positioned such that the Plastic Collapse 
Mechanism 4 (Figure 3.8) occurs, the model needs to be adjusted as discussed later in 
Section 3.3 .5. Other assumptions associated with this model are consistent with those of 
classical beam and rigid-plastic theory. 
F t' d-t, ,~ F 
B 
_x rl B'! 
Mb/'" r 
n ·Tl I 
. ' '2 • 1 =:I" 11111111 
Go So' d' q 
D 
Q 
Figure 3.11 -Analytical Model for Modified Stub-Tee Method 
The moment acting on the connection (M) is assumed to be applied to the end plate 
through equal and opposite flange forces F acting through the centre lines of the flanges, 
so that 
M=F·(d-t,) 3.18 
The bolt forces are assumed to act through the centre of the bolts and are denoted B and 
B' on the tensile and compressive sides of the connection, respectively. The moment 
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applied to the plate as generated through bending of the bolts on the tensile side of the 
connection, resulting from the end plate deformation, is denoted Mb. The resultant of the 
contact forces acting on the compressive side of the end plate connection is denoted q, 
with the prying force on the tension side of the connection being simplified to a point load 
(Q) acting at a distance ap from the line of the tensile bolts. The quantity ap is defmed as 
either the distance to the edge of the plate (a.), or twice the end plate thickness (2tp), 
whichever is the lesser (Nair eta/, 1974). 
The tensile force (F) acting through the tensile flange of the section can be expressed in 
terms of the shear forces either side of the flange, 
F=FR +FL 3.19 
where FL is the shear force on the left and FR the shear force on the right side of the 
flange, as shown in Figure 3.12. 
~B -~- F, F,'!l M2~Mzc! M 1 FL@ FR CD 
Q Free Body Diagram 
Figure 3.12- Definition of Forces on Free-Body Segment of Beam 
These shear forces can be expressed in terms of the bolt loads (B), the prying force (Q) 
and the internal moments at Points 1 and 2 (M~, M2) using 
FL=B-Q 
F. _M,+M R- 2 d' 
3.20 
3.21 
Combining the Equations 3.18- 3.21 the general expression for the connection moment 
is obtained as 
M = F ·(d -t.}= ( B-Q+ M, ;,M2 }(d -t.) 3.22 
As discussed in Section 3 .2, the behaviour of the end plate depends upon its thickness (tp). 
Thick plate behaviour occurs when the ultimate connection failure due to bolt fracture 
occurs subsequent to a yield line forming at Point 1 but prior to a yield line forming at 
Points 2 or 3. Intermediate plate behaviour occurs when the bolts fracture after the 
formation of yield lines at Points I and 2 (Plastic Collapse Mechanism 2). Thin plate 
89 
behaviour corresponds to the formation of yield lines at Points I, 2 and 3 (Plastic 
Collapse Mechanism 3) in the end plate without deformation of the bolts. 
The plastic moment Mip for each of the "hinges" i shown in Figure 3.11 is given by 
1 2 
M,p = "4 · tP · JP ·l, 3.23 
where tp is the end plate thickness, h is the stress along the yield line, and l; is the length 
of the lh yield line. In the case of Points I and 2, the yield line length l; is simply the 
width of the end plate Wp. Since the yield line at Point 3 forms through the line of the 
bolts, the length of this yield line is assumed to be defmed by 
l, = wp -n·d, 3.24 
in which n is the number of bolts and df is the diameter of the bolt holes. 
Reflecting the influence of strain-hardening on the ultimate moment of the connection, 
and following the approach of Packer et al. (1989), the stress ([p) used to calculate the 
plastic moment capacity of the end plate is assumed to be intermediate in value between 
the yield stress (/y) and the ultimate tensile strength (fu) of the plate material, 
r _fy+2·J; 
Jp- u 
3 
3.25 
In this thesis,/p is termed the plate design stress. 
3.3.4.1 Thick Plate Behaviour 
The mechanism described as thick plate behaviour is shown in Figure 3.13. The 
mechanism forms through the combination of a yield line at Point 1, and yielding of the 
tensile bolts. The ultimate bolt load Bu is the tensile resistance produced by n bolts, each 
with a tensile strength of Bul· 
Figure 3.13 - Thick Plate Behaviour 
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For thick plate behaviour, the prying force (Q) is zero. In addition, since there is little 
bending in the plate, the resisting moment of the bolts (Mb) is neglected. The moment at 
Point 2 (M2) is found by considering moment equilibrium for the left-hand segment of the 
beam and is expressed as 
M2 = Bu ·sa' 3.26 
From Equations 3.22 and 3.26, ignoring Q and Mb and using the plastic moment at 
Point I, the moment acting on the connection can be expressed as 
-(Mlp +Bu ·(d'+s0 '))·( _ ) Mnuk- d t 
c d' s 3.27 
Thick end plate behaviour is considered to hold as long as the moment at Point 2, as 
calculated from Equation 3.26, is less that the plastic moment (Mz::; M2p). 
3.3.4.2 Intermediate Plate Behaviour 
The mechanism for intermediate plate behaviour is shown in Figure 3.14, and is 
characterised by plastic hinges forming at Points I and 2, with the bolts on the tensile side 
of the connection also yielding. 
Fint 
Bu i M~ Frnt B' ®~ttthm 
Q 
Figure 3.14 - Intermediate Plate Behaviour 
The bolts are assumed to have attained their full plastic moment, and the resistance 
generated by the bending of n bolts is given by 
". d~. /yb 3.28 M = n · _...::.,..'--"'-
b 32 
where db is the bolt diameter and /yb is the bolt yield stress. 
The free body diagram pertinent to intermediate behaviour is shown in Figure 3.15. At the 
point of transition from thick plate behaviour to intermediate plate behaviour, the prying 
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force (Q) is zero. The prying force will attain its maximum value (Qmax) at the point of 
transition to thin plate behaviour. As previously discussed, the yield lines characteristic of 
intermediate plate behaviour form at Points 1 and 2, thus Mt = Mtp and M2 = M2p· In the 
following description, intermediate behaviour is addressed firstly for the limiting case of 
zero prying force (Q = 0), and then for positive prying force (Q > 0). 
J:l.•~ Fe ~ F, :~,;~. o • ~ ' mf" 
Figure 3.15 - Intermediate Plate Free Body Diagrams 
Case 1: Prying force Q = 0 
When the prying force (Q) is zero, the end plate is in the transition stage between thick 
an~ intermediate plate behaviour. At this point, the bolt load (B) can be determined from 
Figure 3.15 by taking moments about Point 2 to furnish 
B= Mzp +Mb 
s ' 0 
3.29 
Substituting Equation 3.29 into Equation 3.22, and setting the prying force to zero enables 
the connection moment for intermediate behaviour to be expressed as 
. =(M2P ·(d'+so'}+M1p ·S0 '+Mb ·d'J·( _ } Mmt d t, 
s '·d' 0 
3.30 
Case 2: Prying force Q > 0 
When the prying force is greater than zero it can be determined through 
Q= M 3 FL ·S0 '-M2P -Mb 3.31 
aP aP 
Substituting Equation 3.20 into Equation 3.31 enables Q to be determined as 
B·s0 '-M2p-Mb Q= . 
ap +so 
3.32 
Further substitution of Equation 3.32 into Equation 3.22 results in the expression for the 
moment acting on the connection during intermediate behaviour with Q > 0: 
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-(B·a. ·d'+M2• ·(d'+s;+a.)+M1• ·(a. +S0 ')+Mb ·d'J·( _ ) M,., - ( ) d t, 3. 33 
a +s '·d' p 0 
The above exposition on intermediate behaviour is valid from the point when the moment 
at Point 2, calculated from Equation 3.26, exceeds the plastic moment, and while the 
moment at Point 3 is less than the plastic moment. These conditions can be expressed in 
the following inequalities: 
B. ·s.'?.M2• 3.34 
F1 ·s.'-M2• ~M,. 3.35 
The bolt load B must also be less than or equal to the ultimate bolt load (Bu). 
3.3.4.3 Thin Plate Behaviour 
Thin plate behaviour (Figure 3.16) occurs when the moments at Points 1, 2 and 3 have 
reached their plastic limits (Mtp. M2p and MJp). 
B B' 
(j) 
tt 
q 
Figure 3.16 - Thin Plate Behaviour 
Free body diagrams relevant to thin plate behaviour are shown in Figure 3.17. Compared 
to intermediate plate behaviour, an additional yield line forms at Point 3 in thin plates. 
Once this yield line forms, the prying force attains its maximum value Qmax: 
M,. 
Qm,. =-;;-
p 
3.36 
B=BL+BR ~B BB FL FR FR Mb @ Ql <D ® Mo, '• ~ ' t" Qmax 
Figure 3.17 - Thin Plate Free Body Diagrams 
The plate behaves as an intermediate plate prior to the yield line forming at Point 3. Using 
Equation 3.32 and substituting Q = Qmax enables the bolt load B to be expressed as 
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Qmox ·(a, +so')+M2p +Mb B = ...::..=:=--'-"--'-'---..:o:....-...::. 
s' 0 
3.37 
The resulting connection moment for thin plate behaviour is found using Equations 3.36, 
3.37 and Equation 3.22, and is given by 
-(M2, ·(d'+s0 ')+M3, ·d'+M1, ·s,'+Mb ·d'J ( ) M"" - · d-t 
n d'·S t S 
0 
3.38 
Thin plate behaviour holds while the moment at Point 3 is equal to the plastic limit. 
3.3.5 Connection Ultimate Moment 
While the modified stub tee method assumes that the yield lines form in a one-
dimensional fashion across the section, the yield line analysis described in Section 3.2 
demonstrated that this may not always be the case. The generalised connection model 
discussed in this section constitutes a modification of the stub tee analogy to cater for 
Plastic Collapse Mechanisms 4 and 5 (see Figures 3.8 and 3.9 respectively), both of 
which involve inclined yield lines. 
As yield line analysis is based on virtual work principles, it could be said that for a given 
connection with a plate of width Wp failing with inclined yield lines (Plastic Collapse 
Mechanism 4 or 5) there is an "equivalent" connection with an "equivalent" end plate 
width Weq that fails in the manner of Mechanism 3 (Figure 3.7), with the one-dimensional 
patterns of yield lines. This equivalent width Weq is determined using Equation 3.11 and is 
expressed as 
( 
4·My1 n·dr) d'·so' 
w,, = d ·t: -J, +---_;; . 2·(d'+sJ 3.39 
where My1 is the plastic collapse moment for the relevant mechanism involving inclined 
yield lines (Equation 3.12 or 3.13). 
The modified stub tee method identified two failure modes, which are bolt capacity and 
end plate capacity. Bolt capacity (which may occur in conjunction with thick or 
intermediate plate behaviour) occurs when the tensile bolts fracture, while plate capacity 
(thin plate behaviour) occurs when a plastic mechanism forms in the end plate. The plate 
capacity is independent of the bolt loads. 
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Utilising the modified stub tee method with appropriate equivalent widths 
(Equation 3.39), and the defined allowable stress (Equation 3.25), the predicted ultimate 
moment (Mu1) for both the bolt and plate capacities can be determined. These ultimate 
connection moments, and the ratio of the predicted ultimate moment to the experimental 
ultin1ate moment, are given in Table 3.8 for aU the four bolt connections studied 
experimentally (see Table 2.2). The predicted moments versus experimental moments are 
also presented in Figure 3 .18. 
Table 3.8 - ffitimate Moment Predictions by Modified Tee-Stub Analysis 
with Equivalent Width Concept 
Plate Equivalent Predicted Moment Based on Governing 
Test Width 
# Weq (nun) 
11 210.00 
12 210.00 
13 210.00 
14 I 160.00 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
160.00 
160.00 
191.12 
191.12 
191.12 
172.03 
172.03 
172.03 
210.00 
210.00 
160.00 
160.00 
Bolt Capacity Plate Capacity Failure 
Mul (kN.ro) Mut (kN.m) Mode* 
4 7. 84 ,. , "f-?i;}41. 77 .· . -• · End Plate (2) I (~,gL . ' . . . l .b· 
0.80' '~'!iff'~ 68.18 Bolt 
':--'•~: 
: . . ·11!~~ t,. 
. . ....... ~ 
104.41 Bolt 
• .. _.,.~Wii'' Lt. J!'' - ... '·"' !!"' (3) 
58.40 ~" · ~4:J2~56 ;: ~· · · End Plate 
. ' ~~-- o/" ,, '' ' . ~ -~~~ t":"Q*I :h ... 
. . ;r·.: ' . ' ' ' . . !~ (3) 
71.67 ..  ;~~_67.84 · · End Plate I . . . . 
85.12 ' 102.52 Bolt 
46.48 :~·:llff6:s~'f?· ·.: &.~,: End Plate <4) 
S..~~-~T : _ - ~ 62.09 Bolt 
94.75 Bolt 
59 45 I _;;. ·4· .5 45 -· .. ; E d PI t (4) • - ... • • ~ . - .~-~- ~i)\' n a e 
. ~- - , -.. . -r! 
73 39 .- _·::72 89.:: ;~., E d PI <4) . , , . ~- ,: n ate I .-- ...... --·-
7.86 . , 110.54 Bolt 
53.58 
, . ' . 
. 95 ... 97.88 Bolt {·· . ' 
62.54 !; )~~· ~'~52:73 . : t!~: End Plate (3) 
I ~-~ . '·. :-- -' ' . . ~ ;, ., 
"" ··- 9:: .. - .~ Ll 1!':'1 
84.50 98.58 Bolt 
* For connections governed by end plate capacity the relevant 
yield line mechanism is noted in the brackets (see 
Section 3.3 .2) 
Mean 
S.D. 
Ratio 
Mu ll Mcu 
0.86 
0.88 
0.97 
0.75 
0.94 
0.98 
0.99 
0.98 
0.99 
0.94 
1.02 
1.10 
0.92 
1.07 
0.85 
0.98 
0.95 
0.09 
The statistical analysis shows a good correlation between the experimental and the 
predicted ultimate moments. The mean and standard deviation of the predicted-to-test 
ratio for all the tests was 0.95 and 0.09 respectively. These results can be divided into two 
categories depending upon whether the ultimate capacity was limited by plate capacity or 
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bolt capacity. 
The connections limited by bolt capacity, which therefore involved a tensile bolt failure 
mode, demonstrated an excellent correlation with the test results, having a mean of 1.00 
and a standard deviation of 0.07. In these connections, the deformations of the end plates 
were not as severe as in the thin plates, and the assumption that the end plate behaves in 
the same manner as a wide beam is appropriate. The connections characterised by an end 
plate failure mode showed a less accurate correlation with the experimental results, 
having a mean ratio of predicted to experimental moments of 0.89 and a standard 
deviation of 0.08. The low average predicted strength of the connections with a thin end 
plate, which is nevertheless on the conservative side, is thought to be a result of the fact 
the model does not incorporate the tension stiffening effects which occur in practice when 
the end plates deform significantly. 
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Figure 3.18 -Predicted versus Experimental Moments 
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The correlation between the actual and predicted failure modes can be gauged by 
comparing the last column of Table 2.5 and the second last column of Table 3.8. It can be 
seen that in almost all cases, the actual failure mode labelled "Deformation" in Table 2.5 
is matched with a predicted "End Plate" mode in Table 3.8. Similarly, the theoretical 
model appears to be quite adept at predicting the "bolt" failure mode. In some instances 
where the actual and predicted failure modes do not coincide, this is simply a reflection of 
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the fact that there is no clear-cut distinction between ultimate moments premised on bolt 
capacity and plate capacity in the theoretical model. 
A further point to note is that the equivalent width is calculated assuming the section is 
square or rectangular (without rounded comers). Since the yield line analysis for Plastic 
Collapse Mechanism 4 is sensitive to the position of the section comers, and the tested 
sections comprised rounded comers (external radius of comer equal to 2.5 times the 
thickness), the estimated yield moments calculated using the corrections defined by 
Equations 3.16 and 3.17 are larger than the results that would be obtained by a more 
precise yield line analysis. As a result, for the tests where the equivalent width concept 
was used (#17 to #22), the predicted to experimental moment ratios are generally higher 
than for the other tests. 
Figures 3.19 and 3.20 present the results of the thick, thin and intermediate plate analysis 
for the SHS and RHS connections respectively. In these figures, the predicted ultimate 
moments are plotted for a continuum of plate thicknesses, and the points of transition 
from one failure mode to another are readily apparent. The corresponding test results are 
also shown on these figures. 
The failure envelope for the SHS (Figure 3 .19) demonstrates that for the given end plate 
details, an end plate thinner than 14 mm will produce a mechanism within the end plate 
(thin plate behaviour). On the other hand, an end plate thicker than 23 mm will not 
experience prying, and will fail as a result of tensile fracture of the bolts (thick plate 
behaviour). Similarly, for the given details of the RHS connection (Figure 3.20) an end 
plate thinner than 17 mm will form a mechanism in the end plate, while an end plate 
thicker than 26 mm will fail with no prying action. 
The experimental data, the yield moments and the ultimate moments based on end plate 
capacity and bolt capacity are presented in Appendix E for all four-bolt tests. 
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3.4 COMPARISION WITH ADDITIONAL TEST DATA 
Some investigations of bolted end plate connections of the type discussed in this thesis 
have been carried out as part of CIDECT funded research. Relevant research programmes 
have been carried out by Mang ( 1980) and Petit et a! ( 1986). In both these programmes, 
connections of a similar layout to the four-bolt tests studied in this work were used. It is 
of interest to compare their experimental results with the predictions of the model 
presented in this chapter. 
3.4.1 Research by Mang (1980) 
The aim of the work carried out by Mang (1980) was to provide information on the 
strength and deformation behaviour of bolted flange plate connections in tubular 
members under moment loading. Numerous bolting arrangements were investigated to 
obtain the optimum configuration of the end plate. In tota133 tests were reported, with 10 
of' these utilising two rows of bolts The ultimate moments and failure modes of the 10 
relevant tests are calculated in Appendix I and presented in Table 3.9. The layout and 
dimensions of these models can also be found in Appendix I. In Table 3.9, the failure 
modes observed by Mang (1980) fall into four categories: "W" indicates weld failure; "F" 
denotes end plate (flange) failure; "S" is section failure; and "B" signifies bolt failure. To 
enable comparison of the results the plastic bending capacity of the beam section has been 
calculated using Equation 4.46 in Chapter 4. The ratios in the fmal column of Table 3.9 
have only been computed for those connections that did not fail in the weld between the 
end plate and the section. 
Both the end plate and bolt capacities in Table 3.9 were determined using Equations 3.38 
and 3.33, respectively. However, the yield stresses and ultimate tensile strengths of the 
end plate material were not reported by Mang (1980), and so the nominal yield stress of 
235 MPa and the nominal ultimate tensile strength of 370 MPa have been used. The 
nominal values of material ultimate strength are generally conservative, with typical 
actual results for similar steel grades being 246 MPa and 432 MPa for the yield stress and 
ultimate strength respectively (Petit et a!., 1986). The use of these actual values rather 
than the nominal ones results in an increase in the end plate design stress (/p) of 
approximately 15 percent. The ultimate tensile strength of the bolts were as detailed by 
Mang (1980). 
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Table 3.9 Application of Design Model to Connections Tested By Mang (1980) 
Test Observed Observed Section Connection Capacity (Mu 1) Ratio # Moment Failure Capacity 
(Mcu) Mode (Ms) Bolt End Plate (MulfMcu) 
I/2 199.1 w 229.5 
" 
267.3 235.7 NIA 
~ ..... 
I/3 
... 
139.5 WFS 177.3 181.1 124.4 ' 0.89 . 
' I/4 201.3 w 229.5 226.0 186.2 • NIA H 
• 
. 
I/5 74.2 BSF 78.9 65 .8 58.0 0.78 
. 
~-- -
I/6 77.4 WSF 103.7 167.6 715. 1 NIA 
-
-
JJ7 64.0 BSF 66.3 55.6 
. '. 
.:f 61.0 0.87 
" 
I/8 104.6 SF 102.9 ' 88.9 '""' 93.5 0.85 I ' ' !' 
.,. I~ 
IJ9 158.9 s 166.1 264.2 196.8 1.04 
-
·-
JJ10 23 1.3 BSF 253.2 191.5 210.4 0.83 
···--
- !! I.;_, , -
..• .._, 
~-
JJ11 367.4 BSF 408.8 333.8 ::~·3'04 4 0.83 -~:~~···-=- • 
. . -· 
lkNm Mean 0.87 
e capacity calculated using Equation 3.38 Std Dev. 0.08 ld plate capacity calculated using 
Equation 3.33 
Despite the use of nominal material properties, the results tabulated in Table 3.9 indicate 
good agreernent, with the ratio of predicted to experimental results having a mean of 0. 87 
and a standard deviation of 0.08. No doubt this conservatism would be reduced if actual 
rather than nominal material properties were used. As the research conducted for this 
thesis did not investigate the capacity of the coiiDection based on weld failure, the results 
of tests JJ2 and I/6 were not applicable as the welds failed well below the prediction of 
any other mode of failure. However, Mang also indicated that tests JJ3 and JJ4 failed as a 
result of weld fai lure, while the model predicts that these connections are limited by the 
combined bolt and end plate failure. This may be a consequence of the use of the 
conservative end plate material properties. 
For the remaining tests, the indicated failure mode and the predicted capacities 
demonstrate good agreement. The governing capacities for Tests I/5, JJ7, I/8, I/10 and 
I/11 were either end plate or bolt capacity. The observed failure modes in all these tests 
included deformation of the end plate. Experimentally, Tests I/5, I/7, Ill 0 and I/11 all 
comprised bolt failure . Using the model, it was found that the bolts were critical for Tests 
I/5, JJ7 and JJ10. For Test I/11 , the end plate capacity governed although a 15 percent 
increase in the end plate strength would have caused the failure mode to switch to bolt 
capacity. 
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The ultimate failure mode of Test I/9 was section failure, and this is accurately predicted 
by the model. Furthermore, for all tests except I/2 and I/4, some section failure is reported 
which is attributed to the fact that the connection capacity and the section capacity are 
nearly equal. 
3.4.2 Research by Petit, Plumier and Rondal (1986) 
The tests carried out by Petit et al. (1986) consisted of a tee connection utilising 
rectangular hollow sections for both the column and beam. Although 16 tests were carried 
out, only six contained end plates on the beam section. The remaining connections were 
either welded or connected using angles bolted and welded to the beam and column. Of 
the six relevant end plate connections, only two utilised backing plates with the remaining 
four end plates backing onto the column section. Consequently, only two connections 
may be considered similar to the four bolt connections detailed in this thesis. 
The relevant tests (T3 and T4) consisted of an end plate welded to the face of the column 
and an end plate welded on the end of the section, forming a connection fastened with 
four bolts. The end plate dimensions were the same for both tests although the end plate 
thickness and the section dimensions varied as detailed in Appendix I. 
The calculated loads for these connections using the model detailed in Section 3.3 are 
given in Table 3 .I 0 with full calculations provided in Appendix I. 
Table 3.10- Application of Model to Connections Tested by Petit et al. (1986) 
Experimental Moment (kNm) Predicted Moment (kNm) Ratio 
Test# Mcy Mcu My I Mul My1IMcy Mu1IMcu 
T3 90.7 159.3 77.4 147.6 0.85 0.93 
T4 32.4 71.9 36.2 73.6 1.11 1.02 
Based on the yield line analysis detailed in Section 3.3.2, to accurately model the end 
plates the equivalent width concept as described in Section 3.3.5 is required. The ratio of 
the experimental moments to the predicted results for both the tests are within 10 percent 
for the ultiJtiate loads, although a little less accurate for predicting the yield moment. It 
should be noted that details on bolt strengths were not published by Petit et al. (1986). 
The relevant assumptions which have been used to facilitate the present comparison are 
detailed in Appendix I. 
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3.5 SUMMARY 
This chapter has presented a simple and accurate theoretical model that predicts the 
behaviour and ultimate strength of four-bolt moment end plate connections joining 
rectangular hollow sections. The model is based upon fundamental principles of 
mechanics and involves minimal empiricism. The model incorporates yield line analysis 
to predict the yield strength of the connection (Mcy), and a modified stub-tee analogy to 
predict the ultimate strength of the connection (M00). The model is limited to square and 
rectangular hollow sections with two rows of bolts, one above the compressive (top) 
flange and one below the tensile (bottom) flange of the beam section. 
The yield line analysis indicates that the positions of the bolts on the tensile side of the 
connection has a significant effect on the failure mode of the end plate. If the bolts are 
located a sufficient distance from the section webs, the two dimensional yield line pattern 
(Mechanism 4) may form. The ultimate strength of the connection is reduced by the 
formation of the two-dimensional yield line pattern, which, for the purpose of applying 
the stub-tee model, is corrected using an equivalent width concept. 
The yield line patterns that formed in the experimental work, discussed in Chapter 2, 
correspond to the predicted yield line patterns presented in Section 3.3 .3. When the bolts 
are in line with the webs of the section, the yield line patterns are limited to Mechanism 2 
for the thicker plates and Mechanism 3 for the thinner plates. When the bolts are 
positioned outside the webs of the section, the yield line pattern of Mechanism 4 occurs 
for thin plates. 
Comparisons of the predicted connection ultimate moments were made with the 
corresponding experimental results. The model demonstrated a good correlation with the 
test results, with an overall mean predicted-to-experimental ratio of 0.95, and a 
corresponding standard deviation of 0.088 for the range of connections tested. Eurocode 3 
(CEN, 1992) suggests that the serviceability limit moment of a connection be 70 percent 
of the ultimate moment of the connection. Comparison of the ratios of the predicted yield 
and ultimate moments resulted in a mean of0.71 and a standard deviation of0.13, thereby 
indicating that the yield model seems to be consistent with the serviceability limit state 
requirements of Eurocode 3. 
To further verifY the appropriateness of the four-bolt connection model, the results of 
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tests carried out by Mang (1980) and Petit et al. (1986) were compared to the model 
results with good agreement. Overall, the results suggest that the model presented in this 
chapter accurately predicts the ultimate moments for connections that meet the criteria 
outlined in this chapter. 
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Chapter 4 
THEORETICAL ANALYSIS -
EIGHT -BOLT CONNECTIONS 
4.1 INTRODUCTION 
As outlined in Chapter 1, research into the behaviour of bolted tubular end plate 
connections consisting of eight bolts is limited. Current published research on this 
connection configuration is restricted to axial tensile loading (Kato and Mukai, 1985) or 
combined axial compression and bending (Kato and Mukai, 1991). Both these 
investigations present models in which the bending strength of the end plate is evaluated 
using yield line analysis, and the bolt capacity determined using methods that consider 
prying effects. 
In this chapter, a theoretical model is developed for the analysis of eight-bolt tubular end 
plate connections subjected to flexural loading. This model is similar to that developed in 
Chapter 3 for the four-bolt tubular end plate connection in that yield line analysis is used 
to predict the yield moment (Mcy) and modified stub-tee analysis is used to predict the 
ultimate strength of the connection (Mcu)· However, in addition to failure modes involving 
plate yielding or bolt fracture, section capacity and punching shear failures were also 
observed in the experimental programme on the eight-bolt connections. These latter 
modes of failure are considered in the theoretical model developed in this chapter. The 
theoretical model is validated using the eight-bolt connection tests described in Chapter 2, 
and is used as a basis for the development of the design model presented in Chapter 6. 
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4.2 THEORETICAL FORMULATION 
4.2.1 General 
The end plate layout for the eight-bolt connections is shown in Figure 4.1. In the four-bolt 
connections detailed in Chapter 3, the bolts were often positioned such that the yield lines 
formed in a one-dimensional pattern across the width of the end plate, enabling the 
simplification of the problem to that analogous to a one-dimensional beam. The 
additional bolts and differing bolt arrangement considered here alters the behaviour of the 
connection significantly and results in complex two-dimensional yield line patterns, 
rather than simplified one-dimensional patterns. To model the two-dimensional 
behaviour, the modified stub-tee analogy described in Chapter 3 is further adapted to 
consider two-dimensional bending in the end plate; the proposed method is termed the 
"cumulative stub-tee analysis". 
'as W. ~ 1' ''I' o,l.8;1 P So a, 
,---- i 
.. l-1 o o T 
gJ_ o rr 1 o I 
a, 
L Dp 
0 X -.----g*-_ 
So I 
t- ___i__ a,~ 
p' 
Figure 4.1 -Eight Bolt End Plate Layout 
4.2.2 Yield Line Analysis 
As in Chapter 3, it is assumed that the plastic collapse mechanisms may form either 
through failure of the end plate, failure of the tensile bolts or a combination of both. The 
moment at which a plastic collapse mechanism forms is determined using virtual work 
principles. The virtual internal work ( U1) and virtual external work ( UE) are calculated by 
applying a virtual displacement (8 ) to the tensile flange of the connection and then 
determining the (compatible) induced virtual displacements elsewhere in the connection. 
The internal work is the sum of the work generated through the formation of plastic yield 
lines (Up) and yielding of the bolts (Ub)· 
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U1 =UP+Ub 4.1 
The internal work generated through the formation of yield lines in the end plate is 
expressed as 
up= [Le.v .e.Jmp 4.2 
where mp is the full plastic moment of the end plate per unit length, Buv is the rotation 
undergone by the yield line uv (formed between the planes u and v), and luv is the length 
of the corresponding yield line. 
The angle between two planes u and v is determined using vector analysis as described in 
Chapter 3. Assuming small angles 
Bxuv = 
nuX nv ej 
nu. nv 
4.3 
B = n. X nv. j 
yuv n•n 
u v 
where nu and nv are vectors normal to the planes u and v, respectively. 
As the yield line patterns that develop in the eight-bolt connections are often complex, the 
analysis may be simplified by expressing the yield line rotations and lengths in terms of 
the x andy components. The work generated in the end plate is expressed componentwise 
as 
up = fLexuv. £ xuv + z:eyuv. £ yuJ mp 4.4 
where lxuv and lyuv are the projections of the yield line uv onto the x and y axes, 
respectively, and the rotations Bxuv and ~are correspondingly defmed. 
The internal work generated by the bolts is as defmed in Chapter 3, being the product of 
the imposed virtual displacement of the bolt (4;), and the yield load of the bolt (Byli). 
ub = L;Byli ·obi 4.5 
Similarly, the external work is defmed in terms of the applied moment as detailed in 
Chapter 3. 
UE=M 0 ,·-y d 
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4.6 
The applied moment to cause plastic collapse of the connection (My 1) is now determined 
by equating the external work (Equation 4.6) and the internal work (sum of Equations 4.4 
and 4.5). 
As yield line analysis produces upper bound solutions, seven different plastic collapse 
mechanisms for the eight-bolt connection are identified and analysed in this thesis to 
detem'line the actual plastic collapse moment. All the yield line mechanisms described in 
this chapter contain a vertical axis of syrnmetry, which is used to simplify the theoretical 
analysis. For the first two mechanisms presented (Mechanism 1 and 2), the internal work 
of the connection is a result of plastic deformation in the end plate only. Mechanisms 3 to 
6 involve both the development of yield lines in the end plate, and yielding of the bolts. 
The final plastic collapse mechanism (Mechanism 7) is solely a function of yielding in the 
bolts, with no yielding occurring in the end plate. 
4.2.2.1 Plastic Collapse Mechanism 1 
Plastic Collapse Mechanism 1, shown in Figure 4 .2, consists of eight yield lines. The 
yield lines 12, 23 and 24, form at the interface of the beam section and the end plate. 
Yield lines 35 and 45 are located between the tensile comer of the section and bolt holes 
#3 and #4, as shown. The re1naining three yield lines (14, 15 and 13) are defined by the 
intersection of Plane I with Planes 4, 3 and 5 respectively. 
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I \ 
:\ 0#2 
' I \ ® I \J4 
"'- 24 : \ 
7 x I \ 
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\ 
: @\ 
: -15 ,6 #3 
23 ........ .,:.-~-------¥ 
I "' @ 3~'_,]?'@ 
/ 
---- -0 
13 #4 
I -l g ' S ... 0 
-
[ 
I ~ g 
1\ 
\ 
0 vs 
Yield Line 
Contact Face 
~ 
~ 
~ 
Figure 4.2- Plastic Collapse Mechanism 1- Eight-Bolt Connection 
Applying the virtual displacement (o) at the bottom of the section (i.e. along yield line 
23), the displaced configuration of Planes 1 through to 5 can be expressed in tenns of 
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• 
• 
their normal vectors as follows: 
n1 =Oi+Oj+k 
n2 = 0 i + 8 j + d k 
n3 =0i-8j+s.k 
n4 =(d-g)·8i+s. ·8 j+d·s. k 
n5 =8i+-8 j+(s. -g)k 
Using Equation 4.3, the resulting angles between the intersecting planes are calculated 
and given in Table 4.1. Also presented in this table are the lengths of the yield lines and 
the resulting internal work generated by each yield line. 
Table 4.1- Internal Virtual Work Details for Plastic Collapse Mechanism I 
i Bxi Byi I! xi f!yi Upi 
12 
8 0 b 0 b·8 - - -·m 
d 2 2·d p 
8 b (b-2·g)·8 13 - 0 --g 0 ·m 
s. 2 2·s P 0 
14 
8 8·(d-g) d-g {s;+(d-d)·8 ·m - so d d·s s ·d p 0 0 
8 8 2· (g+s.}·8 ·m 15 -- -- g+so g+so 
so -g so -g so- g p 
8·(d+s.) 
0 b 0 (d+so)·b·8 ·m 23 -d·s 2 2·d·s P 0 0 
24 0 8·(d-g) 0 d (d-g)·8 ·m 
d·s s p 0 0 
8·g 8 (so2 + g2 )·8 ·m 35 
S 0 ·(so-g) (so- g) g so S 0 ·(s0 -g) P 
45 
8·(so +d-g) 8·(so +d-g)·g 
s. 
(so +d-g)·{s~ +g2).8 ·m 
d·(so -g) S 0 ·d·(s0 -g) 
g 
S 0 ·d·(s0 -g) P 
Summing the internal work (Up) in the end plate, (from Table 4.1) and equating it to the 
external work (Equation 4.6) enables the moment at which plastic collapse occurs 
according to Mechanism 1 to be expressed as 
[
2·d 2 -4·d·g+g2 +s.'+(s,+d)·b 2 g+s, (s,-g+2·d)·(g'+s.')J d 47 M =2 + --+ · ·m · 
yl d·S
0 
S
0 
-g S
0 
·d·(so -g) P 
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The validity of this mechanism is limited by the fact that the bolt position dimensions g 
and s0 must satisfy g ~ s0 since otherwise yield line 15 cannot form. 
4.2.2.2 Plastic Collapse Mechanism 2 
Plastic Collapse Mechanism 2, shown in Figure 4.3 , consists of ten yield lines and 
assumes the bolts do not yield. The various planes and yield lines are defined in 
Figure 4.3. The mechanis1n is defined by an imposed virtual displacement of §at the 
tensile flange of the section (yield line 23). Also, the bottom comer of the end plate is 
assumed to displace vertically by an amount k· 8 with the value for k determined by 
minimising the resulting expression for the plastic collapse moment of the connection. 
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Figure 4.3- Plastic Collapse Mechanism 2- Eight-Bolt Connection 
For imposed virtual displacements of 8 at the tensile flange and k8 at the tensile comer, 
planes 1 to 6 can be expressed in terms of their respective normal vectors as 
n 1 = 0 i + 0 j + k 
n 2 = 0 i + 8 j + d k 
n3 = 0 i - 8 j + so k 
n4 = (d -g)·8 i +S0 ·8 j +d ·S0 k 
n 5 = (s 0 + a + g · (1 - k)) · 8 i + ( k · so + a) · 8 j + (so + g ) · (so + a) k 
n6 = - (k ·so +a)· 8 i - (so +a+ g · (1 - k )) · 8 j +(so +a)· (so +g) k 
The rotation of the yield lines with respect to the x and y axes are foWld using 
Equation 4.3 and are presented in Table 4.2a. The respective yield line lengths and 
internal work for each yield line are given in Table 4.2b. 
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Table 4.2a- Virtual Rotation of Yield Lines for Mechanism 2 
i e., By, 
12 t5 0 -d 
13 t5 t5·(d-g) -d d·s 0 
14 
(k·so +a)·t5 (so +a+g-k·g)·o 
(so+ g)·(so +g) (so+ g) ·(so+ g) 
15 
(so +a+g-k·g)·o (k·so +a)·t5 
(so +g)·(so +g) (so+ g)·(so +g) 
t5 
16 - 0 
so 
23 t5·(d-so) 0 d·s 0 
24 0 t5·(d-g) d·s 0 
26 
(2·S0 ·(g+S0 +a)+g·(a-k·sJ)·t5 (k·so +a)·t5 
S0 ·(so+ g)·(so +a) (so +g)·(so +a) 
45 
((so+ gXso+a)-d ·(k·so +a))·t5 ((so+ gXso +a)-d ·(k ·S0 +a))· g ·5 
d·(so +g)·(so +a) d ·(s0 + g)·(s0 +a)·s0 
56 
(g+S0 +2·a+(so -g)·k)·t5 (g+S0 +2·a+(so -g)·k)·t5 
(so +a)·(so +g) (so +a)·(so +g) 
-- ---- ------
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Table 4.2b- Yield Line Lengths and Virtual Internal Work for Mechanism 2 
i £xi Ry; Up; 
12 b 0 b·o - -·m 
2 2·d p 
13 
b 
0 
(b -2. g)·o 
--g ·m 
2 2 ·S P 0 
14 so d-g (so 
2 
+(d-g)' )·o ·m 
d ·S P 
0 
15 
(g+s, +a-k· g)·a a ·((so +a+ g-k· g)' +(k·so +a)' }·o ·m 
a k·s, +a (so +g)·(so +g)·(k·S0 +a) P 
16 
(g+s, +a-k·g)·a a·((s0 +a+ g-k ·g)' +(k ·so +a)' }·o ·m 
k·S 0 +a a (so +g)·(so +g)·(k·S0 +a) P 
23 b 0 (d+sJ·b·o ·m -
2 2·d ·S P 0 
24 0 d 
o·(d-g) 
·m 
s p 
0 
36 g s. (g
2 +s. 2 )·(k·s. +a)· a 
·m 
s. · (s. +g)· (s. +a) • 
45 s. ((s. + gXs. + a)-d ·(k ·s. +a))· (s; + g
2 )· t5 g ·m 
s, ·d ·(s. + g)·(s. +a) • 
56 s. +a s. +a 2 . (g+s. +2·a+(s. -g)·k)·o ·m (s.+g) P 
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The n1oment to cause plastic collapse according to Mechanism 2 is found by summing the 
internal work (Up) in Table 4.2b and equating it to the external work (Equation 4.6). The 
resulting expression for the plastic collapse moment is 
b· (s0 +b)+s0 2 +2·(d-gY-g2 + (k· s0 + a)·(s0 2 + g 2 + 2·a·s0 ) 
s 0 • d s 0 • (g + s 0 ) • ( s 0 + a) 
M _ 2 . + 2· (so +a+ g·(1-k))·s0 ·a+(k ·S0 +aY ·(g2 +s0 2 ) 
yl - I s 
0 
• (g + s 
0 
) • ( s 
0 
+ a) · ( k · so + a) ·d·mP 4.8 
+ 4 . 2 · a + g · ( 1 - k) +so · (1 + k) 
g+so 
The governing failw·e moment is determined by minimising the above equation with 
respect to k, (with k ~ 0). This minimisation is performed numerically in the present work. 
4.2.2.3 Plastic Collapse Mechanism 3 
Plastic Collapse Mechanism 3, shown in Figure 4.4, consists of eight yield lines coupled 
with yielding of the bolts at position #4. As in Mechanism 2, a displacement of 8 is 
imposed on the tensile flange of the section generating the yield lines as shown. It is 
assumed that this displacement causes the bottom right comer of the end plate to displace 
vertically by an an1ount k· 8. 
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Figure 4.4- Plastic Collapse Mechanism 3- Eight-Bolt Connection 
For the given imposed virtual displacements, Planes 1 to 6 can be expressed in terms of 
their respective nonnal vectors as 
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n1 =Oi+Oj+k 
n2 = 0 i + 8 j + d k 
n3 =0i-8j+(so +a)k 
n4 =(d-g)·8i+S0 ·Oj+d·S0 k 
n, =(so +a+g-k·g)·<ii+(so ·k+a)·<ij+(g+sJ·(so +a)k 
n6 = -k·(so +a)·8 i + -(k ·(so +a- R)+ R)·8 j+ R ·(so +a)k 
The rotations of the yield line with respect to the x andy axes are given in Table 4.3a . 
The respective yield lines lengths, and the corresponding internal work generated by each 
yield line, are given in Table 4.3b. 
To allow the formation of Mechanism 3, the bolt at position #4 (Figure 4.4) yields and 
hence generates additional internal work ( Ub). This internal work is the product of the 
virtual displacement imposed to the bolt, and the bolt yield load. 
u a·o 
b4 = --·B 
so +a yt 
4.9 
The resulting moment to cause Plastic Collapse Mechanism 3 is determined by equating 
the internal and external work. The total internal work (Ur) is found by summing the 
internal work in the end plate (Table 4.2b) and the internal work done by the bolts (Ub). 
Myt = 2·(Upt2 +Up14 +Upts +Up23 +Up24 +Up36 +Up4s +Ups6 +Ub4). ~ 4.10 
For the unique case when k = 0, yield lines 56 and 36 are replaced by a single yield line 
35 and the resulting work is defmed as 
My1 = 2 · (up/2 + up/4 + up/J + Up 23 + Up 24 + upJJ +Up45 + u b4 }· d 4.11 0 
When k > 0 the minimum value for Myt is obtained by minimising Equation 4.10 with 
respect to k and R, where R is the horizontal distance from the end plate comer to yield 
line 46. For the mechanism to form, the value of R must be greater than zero but less than 
(so+ a)·glso. 
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12 
14 
15 
23 
24 
35 
36 
45 
56 
Table 4.3a -Virtual Rotation of Yield Lines for Mechanism 3 
(}.; 
0 
-
d 
0 
-
d 
(k·so +a)·o 
(so +g)·(so +g) 
O·(d+s0 +a} 
d·(so +a} 
0 
(so +g+a}·o 
(so +a}·(so +g) 
k-(a+so -R)·o 
(so +g)·R 
(d·(a+so ·k)-(so +gXso +a)}·o 
d ·(so+ g)·(so +a} 
((g+so +a)·(so ·k+R)+g·k·(a-R))·o 
(so +a)·(s0 + g)·R 
I 
By; 
0 
o·(d-g) 
d·s 0 
(so +a+g-k·g)·o 
(so+ g)·(so +a} 
0 
o·(d-g) 
d ·S0 
(so +g+a}·o 
(so +a}·(so +g) 
k·o 
R 
g ·(d · (a+so ·k)-(so + gXso +a))·o 
d·(so +g)·(so +a}·so 
((g+so +a)·(so ·k+R)+g·k·(a-R))·o 
(so +a}·(so + g)·R 
Notes If k > 0, terms relating to yield line 35 are irrelevant 
If k = 0, terms relating to yield lines 56 and 36 are irrelevant 
114 
Table 4.3b- Yield Line Length and Virtual Internal Work for Mechanism 3 
i f!xi f!yi Upi 
12 b b·8 - 0 
2 
-·m 2·d p 
14 so d-g 
(s~ +(d-gy).g 
·m d ·S P 
0 
15 a 
(g+so +a-k·g)·a ((a+so ·kY +(so +a+g-k·g)L ·8 
k·S0 +a (so +g)·(so +a)·(a+s0 ·k) ·mP 
23 b 
(a+s0 +d)·b·S 
- 0 
2 ( ·m 2·d· S 0 +a) " 
24 0 d 
(d-g)·S 
·m 
s p 
0 
35 S0 +a S0 +a 
2· (so +g+a)·S ·m 
(so+g) P 
36 a+s0 -R S0 +a 
k·((a+so -RY +(so +aY}·8 
(so +a)·R ·mP 
45 so g ((so+ g)·(so +a)-d ·(so ·k+a))·k + g
2 }·o 
(so +g)·(so +a)·s0 ·d ·mP 
56 S0 +a S0 +a 2
. ((g+so +a)·(so ·k+R)+g·k·(a-R))·S 
(so+g)·R ·mP 
Notes If k > 0, terms relating to yield line 35 are irrelevant 
If k = 0, terms relating to yield lines 56 and 36 are irrelevant 
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4.2.2.4 Plastic Collapse Mechanism 4 
Plastic Collapse Mechanism 4, shown in Figure 4.5, consists of eight yield lines coupled 
with yielding of the bolts at positions #3 and #4. Yield line 15, defined by the intersection 
of Planes 1 and 5, starts at bolt #2 and intersects the edge of the end plate at a distance R 
from the bottom right-hand comer. Yield line 56, defined by Planes 5 and 6, starts at the 
tensile comer of the section and intersects the edge of the end plate at a distance of R 
from the bottom right-hand corner. 
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Figure 4.5- Plastic Collapse Mechanism 4- Eight-Bolt Connection 
For the given imposed virtual displacement at the tensile flange of the section, Planes 1 to 
6 can be expressed in terms of their nOimal vectors as 
n1 = 0 i + 0 j + k 
n., = 0 i + o j + d k 
-
n3 = 0 i - 0 j +(so +a) k 
n4 = g · o i + S0 • 0 j + d · S 0 k 
n5 = (d -g+s0 +a- R)·O i +a ·O j + (so +d-g)·(so +a)-R·S0 k 
n6 = R · 0 i + 0 j + R ·(so +a) k 
Using Equation 4.3, the angles of rotation, undergone by each yield line in the x and y 
directions can be determined and are given in Table 4.4a. The lengths of the yield lines, in 
terms of their x and y components, and the total internal work for each yield line, are 
listed in Table 4.4c. 
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i 
12 I 
14 I 
15 I 
23 I 
24 I 
36 I 
45 I 
56 I 
Table 4.4a - Virtual Rotations of Yield Lines for Mechanism 4 
(),; By; 
0 0 -
d 
0 g·o 
-
d d·S 0 
a·o (so +a+d-g-R)·o 
(so +d-g)·(so +a)-R·S0 (so +d-g)·(so +a)-R·s0 
o·(d+so +a) I 0 d·(s 0 +a) 
I 
0 I o·g d·S 0 
0 0 
(so +a) (so+ a) 
(d·so +(so -dso +a)-R·so)·o ((so- gXso +a)+(d -R)·sJ·(d- g)·o 
((so +d- g)·(so +a)- R ·sJ·d d ·((so +d- g)·(so +a)-R ·sJ·so 
a·o I a·(so +a-R)·o 
(so +d-g)·(so +a)-R·S0 ((so +a)·(so +d-g)-R·so).(so +a) 
Table 4.4b- Virtual Internal Work Due to Bolts for Mechanism 4 
Bolt# 
3 
4 
ubi 
By1 ·a·(d-2·g)·o 
(so +a)·(so +d-g)-R·so 
B ·a·o yl 
S0 +a 
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Table 4.4c- Yield Line Lengths and Virtual Internal Work for Mechanism 4 
i f!x; f!y; Up; 
12 b b·o - 0 
2 
-·m 2·d p 
14 so g (s~ +g2 ).o ·m d ·S P 
0 
15 a s, +a+d-g-R {(so +a+d- g -RY +a
2 )·o 
(so +d-g)·(so +a)-R·s
0 
·mP 
23 b 
(a+S0 +d)·b·O 
- 0 
2 ( ·m 2·d· so+a) p 
24 0 d 
O·g 
-·m 
s p 0 
36 s, +a so +a 2·0·m p 
45 so d-g ((so- gXso +a)+(d- R)·s0 )·{(d gy +s~ }·o d ·((so +d- g)·(s0 +a)-R·sJ·s0 ·mP 
56 S0 +a so +a-R 
a·((so +a)' +(so +a-R}' }·o 
((so+ a)·(so +d- g)- R ·sJ·(s0 +a) ·mP 
' 
The internal work for the bolts at positions #3 and #4 are tabulated in Table 4.4b, and are 
determined by fmding the product of the imposed virtual displacement and the yield load 
of the bolt. 
Stunming the internal work from Tables 4.4b and 4.4c furnishes the total internal work. 
This is then equated to the external work, yielding the following expression for the 
moment that causes plastic collapse according to Mechanism 4: 
M,, = 2·(UP12 +UP14 +U•15 +U.23 +U.34 +U.45 +U.56 +Ub3 +Ub4). ~ 4.12 
The expression must be minimised with respect to R to obtain the correct moment and 
collapse mechanism. Physical considerations dictate that the value of R must be greater 
than zero and less than (so+ a)(s0 + g)ls0 to prevent yield line 56 passing above bolt 
hole #3. 
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4.2.2.5 Plastic Collapse Mechanism 5 
Mechanism 5, shown in Figure 4.6, consists of six yield lines coupled with yielding of the 
bolts at positions #3 and #4. Yield line 45 fonns between the tensile comer of the section 
and intersects the edge of the end plate a distance of R from the bottom of the end plate as 
shown. Yield line 14 forms from the top comer of the section and intersects yield line 45 
at the edge of the plate. 
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Figure 4.6- Plastic Collapse Mechanism 5 - Eight-Bolt Connection 
Applying the virtual displacement ( 8) to the tensile flange of the section enables the 
norn1al vectors of Planes 1 to 6 to be expressed as 
n1 = 0 i + 0 j + k 
n2 = 0 i + 8 j + d k 
n3 = 0 i - 8 j +(so +a) k 
n4 = (so +a+d- R)· 8 i+(so +a)·8 j + (so +a)k 
n5 = R · 8 i + 0 j + R · {s0 +a) k 
Using Equation 4.3, the virtual rotations of the yield lines are determined and presented in 
Table 4.5a. The corresponding yield line lengths and internal work are given in 
Table 4.5c. 
The value of R is detennined by minimising the collapse moment with respect to R. The 
maximum value of R is defined by the point at which yield line 45 passes through the bolt 
hole #2 and is defined as 
R = (d+S0 +a).s0 - (s0 +a)·g 
max 4.13 
so 
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Table 4.5a -Virtual Rotations of Yield Lines for Mechanism 5 
i B,.; By; 
12 I 8 0 -d 
14 I 8 (so +a+d-R)·8 -
d·(so +a} d 
23 I 8·(d+S0 +a} I 0 d·(s0 +a} 
I 
24 I 0 I 8·(s0 +a+d-R) d·(so +a} 
8 8 
35 I {so+ a} {so+ a} 
45 I 8 I 
(so +a-R)·o 
-
d·(s,+a) d 
Table 4.5b- Virtual Internal Work Due to Bolts for Mechanism 5 
Bolt# 
3 0 
3a 0 
4 
ubi 
By1 ·((so +aXso +g)-d·a-R·sJ·8 
(so +a}·d 
B ·a·8 yl 
S0 +a 
B ·a·8 yl 
S 0 +a 
0 while R < ( (s. + g !~ (s, +a) J holds use 3, otherwise use 3a to determine the work done by Bolt 3 
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Table 4.5c- Yield Line Lengths and Virtual Internal Work for Mechanism 5 
i f!x; Ry; Up; 
12 b b·o - 0 
2 
-·m 2·d p 
14 S0 +a so +a+d-R 
((so +a)l +(so +a+d-R)l)·o 
d·(s
0 
+a) ·mP 
23 b 
(a+s0 +d)·b·o 
- 0 
2 ( ·m 2·d· so+a) p 
24 0 d 
o·(so +a+d-R) 
( ·m S
0 
+a) P 
35 S0 +a S0 +a 2·o ·m p 
45 S 0 +a S 0 +a-R 
~!.:= 
((so +a)l +(so +a-RY)·o 
d·(s
0
+a) ·mP 
The corresponding work generated by the bolts is given in Table 4.5b, where it can be 
noted that the work done by bolt #3 (Ub3) depends on the value of R. 
Summing the internal work due to the plates (Table 4.5c) and the bolts (Table 4.5b) and 
equating to the external work enables the expression for the moment to cause plastic 
collapse of the connection to be expressed as 
My1 = 2. (u. 12 + u.u + u.23 + u.24 + u.35 + u.45 + Ub3 + u b4 )·: 4.14 
The governing moment is found by minimising the expression with respect to R. In 
practice this minimisation process is performed numerically. 
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4.2.2.6 Plastic Collapse Mechanism 6 
Plastic Collapse Mechanism 6 is shown in Figure 4.7. Failure occurs with a single yield 
line fonn ing at the intersection of Planes 1 and 2, and all the bolts below the compressive 
flange of the beam section yielding. 
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Figure 4.7- Plastic Collapse Mechanism 6 - Eight-Bolt Connection 
The moment to cause plastic collapse of the connection is found using virtual work 
principles. The virtual displacement ( o) is placed along the bottom of the section, this 
defining the n1agnitude of the displacement at each bolt. The planes are expressed in 
terms of their normal vectors as 
n1 = 0 i + 0 j + k 
ll2 = 0 i + 0 j + d k 
The imposed virtual displacements of the bolts are expressed as 
o., = g·b 
d -
o3= (d-g )·o 
d 
o4= (d +so)·o 
d 
The internal work generated in the end plate Up is defined using Equations 4.3 and 4.5 
and is expressed as 
(2·s +2·a+b)·m ·o u = 0 p 
p 2 ·d 4.1 5 
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The corresponding work generated by the bolts Ub is defmed by Equation 4.4 and is 
expressed as 
ub By, ·((d+s0 )+(d-g)+g)·8 
d 
B ·(2·d+s )·8 yl 0 
d 
4.16 
Equating the swn of the internal work (Up+ Ub) to the external work (Equation 4.6) the 
expression defining the moment to cause plastic collapse through Mechanism 6 can be 
expressed as 
( 2·s +2·a+b) ( ) My1 = o 2 ·m.+ 2·d+s0 ·BY, 4.17 
4.2.2.7 Plastic Collapse Mechanism 7 
Plastic Collapse Mechanism 7, shown in Figure 4.8, occurs with no yield lines forming in 
the end plate. The mechanism is a result of all the bolts in the connection yielding. 
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Figure 4.8- Plastic Collapse Mechanism 7- Eight-Bolt Connection 
Using virtual work principles and placing a virtual displacement (8) on the tensile flange 
of the section enables the imposed virtual displacements at each bolt position to be 
determined as 
a·8 8, 
d+s0 +a 
82 = (a+s0 +g)·8 d+s0 +a 
83 = (a+s0 +d-g)·8 d+s0 +a 
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8 4 
= (a+ 2 ·sa + d). 8 
d + s0 +a 
The internal work generated by the bolts is therefore 
BY1 ·(2·d+4·(s0 +a))· 8 Ub= ---------------
d+s0 +a 
4.18 
By equating the internal (Equation 4.18) and external (Equation 4.6) work,. the moment 
causing Plastic Collapse Mechanism 7 is expressed as 
BY1 ·(2·d +4·(s0 + a)) M I= ·d 
Y d+s
0
+a 
4.19 
4.2.3 Yield Load Predictions 
As yield line analysis provides an upper botmd solution, the governing mode of failure is 
defined as the minimum collapse moment pertaining to any mechanisms that rna y occur 
physically. Using the connection dimensions as detailed in Chapter 2 and the yield line 
mechanisms defined previously, the yield moments and governing mode of failure may 
be detennined. The results are presented in Table 4.8, in which it can be seen that the 
governing mode of collapse for each connection has been highlighted. 
Table 4.8- Yield line Analysis Results for Eight-Bolt Connections 
Test # 
1 (SHS) 
2 (RHS) 
3 (SHS) 
4 (SHS) 
5 (RHS) 
6 (RHS) 
7 (SHS) 
8 (SHS) 
9 (RHS) 
10 (RHS) 
M ode 1 
413.4 
202.8 
232.6 
646.0 
114.0 
316.8 
NIA 
150.9 
466.9 
152.6 
Predicted Collapse Moment (kNm) 
Mode 2 I M ode 3 I Mode 4 I Mode 5 Mode 6 
122.0 
197.3 
190.6 
111.0 
308.3 
144.6 
109.0 
239.8 
171.7 
118.4 
190.6 
78.6 
169.7 
123. 1 
277.3 
140.2 
105.1 
233.8 
164.1 
132.0 
81.4 
!111!'! 
1"~9· ' '  ...... Ja. ·. . }}; 
..__ 
106.1 
165.3 
149.9 
119.3 
105.7 
79.0 
129.2 
-
vv.l 
116.4 
92.7 
138.3 
176.5 
135.5 
141.8 
174.3 
179.4 
133.9 
142.7 
172.2 
180.9 
Mode? 
153.9 
196.3 
153.9 
153.9 
196.3 
196.3 
149.9 
157.6 
191.6 
200.6 
* Mode 8 is the yield moment for the beam section determined using the 
measured moment-rotation relationship detailed in Chapter 2. 
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Mode 8 I Myl Mcy 
113 1.09 
129 1.31 
113 
113 
129 
129 
11 3 
113 
129 
129 
Mean 
S.D. 
1.03 
1.15 
1.54 
1.26 
1.20 
1.26 
1.18 
1.27 
1.23 
0.13 
In the last column of Table 4.8, Myl is the lower of all the predicted collapse moments 
(Modes 1 to 7), and Mcy is the experimentally determined yield moment as listed in 
Table 2.5. 
In Chapter 3, where the yield line patterns are predominantly one-dimensional, it was 
asswned that the weld affects the strength of the connection, and consequently corrections 
were made (Equation 3.16 and 3.17) to the dimensions So and d (Figure 3.3). In the eight-
bolt connections considered in this chapter, the majority of the mechanisms are two 
dimensional, with the yield lines radiating diagonally from the tensile comer of the 
section. For the eight-bolt connections studied in this chapter, all yield line analyses have 
been performed based on uncorrected values of the dimensions s0 and d. The justification 
for this assumption is that the neglect of the rounded comers of the section in the yield 
line models is somewhat counterbalanced by the neglect of the weld size insofar as the 
internal work involved in forming the yield lines is concerned. 
The results presented in Table 4.8 demonstrate the effect of the section shape on the mode 
of failure of the connection. For the square hollow sections, where the vertical separation 
of the bolts is comparatively small compared with the rectangular sections (compare Test 
#1 and Test #2) the dominant failure mode was Mechanism 4. Test #3, consisting of a 
square section and 12 mm end plate, failed due to Mechanism 2, which does not involve 
bolt yielding. The increased vertical separation of the bolts in the RHS connections 
resulted in all the RHS connections collapsing according to Mechanism 5. 
The comparisons of the predicted yield moments (My1) and the experimental yield 
moments (Mcy) shown in Table 4.8 demonstrate that the simplified yield line analysis 
used in this thesis generally overestimates the yield moment of the connection as 
demonstrated by a mean of 1.23. These errors are attributed to the simplifications inherent 
in the yield line models, and the approximate nature of the identification of the 
experimental yield moments (see Figure 1.4 ). 
While the yield line analysis developed in this section is not ideally suited to the 
prediction of yield moments for the eight-bolt connections, it is critical in determining the 
length of yield lines to be used in the "cumulative modified stub-tee method" described 
hereafter. While it may be possible to obtain more accurate predictions of the yield 
moments using more complex yield patterns (i.e. curved yield lines and rounded section 
comers), such yield line models are not investigated in this thesis. 
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4.2.4 Cumulative Modified Stub-Tee Method 
Various stub-tee analogies which consider the effects of prying forces have been 
developed by previous researchers (Nair eta/., 1974; Kennedy et al., 1981) to enable the 
strength of an end plate connection to be determined. These methods are currently used 
for moment end plate connections comprising !-sections, and involve a simple rigid 
plastic analysis on an analogous beam that represents the one-dimensional behaviour of 
the end plate with yield lines parallel to the axis of bending only. As described in 
Chapter 3, a modification of this approach was employed for the analysis of the four-bolt 
connections, for which the end plate bending behaviour is also predominantly one-
dimensional. 
When considering the eight-bolt end plate connections as described in Section 4.2.1, 
bending in the end plate occurs about two axes, with the yield lines not necessarily being 
parallel to either axis of bending. The stub-tee analysis presented in this chapter is termed 
the "Cumulative Modified Stub-Tee Method" and is based on the analysis of analogous 
beams in both orthogonal directions. The principle of superposition is then used to obtain 
the resultant connection behaviour. 
A simple representation of the two beams used to approximate the connection behaviour 
is shown in Figure 4.9. The "In-plane Bending" analysis (Figure 4.9a) models the effect 
of the bolts below the flange of the section, and has an equivalent beam length equal to 
the plate depth (Dp) and a depth equal to the plate thickness (tp). Possible plastic hinges 
are assumed to form at Points 1, 2 and 3. The second analysis, representing the "Out-of-
plane Bending" of the end plate (Figure 4.9b), models the effect of the bolts lying on 
either side of the section webs. The "Out-of-plane Beam" beam has as equivalent beam 
length equal to the width of the plate (Wp) and a depth equal to the plate thickness (tp). 
Possible plastic hinges are assumed to form at Points 4 and 5 on both sides of the hollow 
section. To simplify the problem, the bolts above the neutral axis (in the compressive 
zone) are assumed to have a negligible effect on the connection strength. 
The moment acting on the connection (M,) is assumed to be applied to the end plate 
through equal and opposite flange forces F acting through the centre lines of the flanges, 
so that 
M, =F·(d-t,} 4.19 
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Figure 4.9 -Analytical Model for the Eight-Bolt Connection 
The bolts forces are assumed to act through the centre of the bolts and are denoted B1 and 
Bo for the "In-plane" and "Out-of-plane" bolts respectively. The moment generated 
through bending of the individual bolts as a result of the end plate deformation is denoted 
Mb. The prying forces are simplified to point loads (0 and Q0 ) acting at a distance ap 
from the centreline of the bolts. As a reflection of the fact that the end plate thickness and 
edge distances to the bolts are the same for both analogous beams, the line of action (ap) 
to the prying force has been assumed identical for both the "in-plane bending" and~out-of­
plane bending" models. 
The tensile force (F) acting through the tensile flange of the section is expressed in terms 
ofthe shear forces either side of the flange, and the shear forces generated in the "Out-of-
plane Bending" beams (see Figure 4.10). 
F=FR +FL +2·F0 4.20 
where FL is the shear force on the left of the tensile flange of the section and FR the shear 
force on the right side of the flange. The shear force generated through the "Out-of-plane 
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Bending" is denoted Fo as shown in Figure 4.10. 
Bo (j) 
Q0 i~ For FR M,!(4 
FR 
M2 M, 
M~Fo Bo ®' 
Fo 
~ 
r Qo 
Free Body Diagram 
2B FL I (6) 
- -~ ~ M2 Fe 
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Figure 4.10- Definition of Forces on Free-Body Segment of Beam 
The shear forces are now expressed in terms of the bolt loads (Bo and B1), the prying 
force (Qo and Qr) and the internal moments at Points 1 and 2 (Mr, Mz) as 
FL =2·B, -Q, 
F0 =Bo -Qo 
FR _M, +M2 
d 
4.21 
4.22 
4.23 
Combining the Equations 4.19- 4.23, the general expression for the connection moment 
(M,) is obtained as 
M, = F ·(d -tJ=( 2·B1 -Q, +2·(B0 -Q0 )+ M, ;M2 }(d -t,} 4.24 
The behaviour of the connection may be divided into three categories depending on the 
thickness of the end plate (tp) and the magnitude of the applied load. These categories are 
defined as Thick Plate Behaviour, Intermediate Plate Behaviour and Thin Plate 
Behaviour (Kennedy et. al, 1981 ), and are identified by the position and number of yield 
lines. Thick plate behaviour occurs when the connection fails due to bolt fracture prior to 
yield lines forming at Points 2 or 4. Intermediate plate behaviour occurs when the bolts 
fracture after the formation of yield lines at Points 1, 2 and 4 (ie, plastic collapse 
mechanism 5). Thin plate behaviour corresponds to the formation of yield lines at Points 
I, 2, 3, 4 and 5 in the end plate (ie. Plastic Collapse Mechanism 2), without deformation 
of the bolts. 
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The plastic moment M;p for each of the "hinges" i shown in Figure 4.9 is given by 
I z M =-·t ·f. ·l lp 4 p p j 4.25 
where tp is the end plate thickness, J;, is the (inelastic) stress along the yield line (see 
Equation 4.27 following), and li is the length of the 14h yield line. 
The lengths of these yield lines depends on the mode of failure. The dominant end plate 
failure mode for the eight-bolt connection tests was Mode 4 for the SHS and Mode 5 for 
the RHS, as described in the yield line analysis (Section 4.2.2). 
The bolts loads are assumed to vary depending on their distance from the yield line 
forming at the top of the section (Point I in Figure 4.9a). The lower bolts (those beyond 
the tensile flange of the section) are considered to have obtained their ultimate tensile 
load. The loads in the next layer of bolts (adjacent to the webs of the section) are assumed 
to be related linearly to the loads in the extreme tensile bolts according to the distance to 
the compression flange of the section as given by 
B0 =h·B1 where 
h- (d-g) 
(d+s .) 
" 
4.26 
Reflecting the influence of strain-hardening at the point of ultimate moment on the 
connection, and following the approach of Packer et al. (1989), the stress (/p) used to 
calculate the plastic moment capacity of the end plate is assumed to be intermediate in 
value between the yield stress (/y) and the ultimate tensile strength (fu) of the plate 
material, 
f. _JY+2·f. p- u 
3 
4.27 
In this thesis,J;, is termed the plate design stress. 
4.2.4.1 Thick Plate Behaviour 
Thick plate behaviour is deemed to occur when there is no or very little yielding in the 
end plate. The upper limit of thick plate behaviour occurs when a mechanism forms 
through the combination of a yield line across the top of the section, and yielding of the 
bolts in the tensile region as described by Mechanism 6. The ultimate bolt load (2· Bu) is 
the tensile resistance produced by the bolts at the bottom of the connection while the 
remaining tensile bolts in the connection provide a fraction of the ultimate load (h ·B1) as 
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defmed by Equation 4.26. 
2·Br 
F B' 
a, I s I I<E-------7 • ·s • d , 1 
(a) "In-plane Bending" Beam 
Fa 
Bol ®j 
~j 
Fa 
1® l Ba 
I® I 
~ 
(b) "Out-of-plane Bending" Beam 
Figure 4.11 -Intermediate Plate Behaviour 
For thick plate behaviour, the prying forces (Qr and Qo) are zero. Also, since there is little 
bending in the plate, the resisting moment of the bolts (Mb) is neglected. The moment at 
Point 2 (M2) is found by considering moment equilibrium for the left-hand segment of the 
"In-plane Bending" beam. 
M 2 =2·B1 ·s,; 4.28 
From Equation 4.24 and Equation 4.28, ignoring the prying forces and Mb, and assuming 
a plastic hinge forms at Point I (M1 = M1p), the ultimate moment capacity of the 
connection can be expressed as 
-(M1P +2· B1 ·(d +s,1 +h·d)J·( _ ) 
Mcthiok- d d t, 4.29 
Thick end plate behaviour is considered to hold as long as the moment at Point 2, as 
calculated from Equation 4.28, is less than the plastic moment (Mz :<;; Mzp). 
4.2.4.2 Intermediate Plate Behaviour 
The mechanism for intermediate plate behaviour, shown in Figure 4.12, is a combination 
of bolt yielding and plate yielding. 
Fa Fa 
Ba Ba 
Fr 
2·Bl i 2-Mbt <61 F B' ~jmJm Mbt ® ®j-Mb ® I I ~ ap I Soo Soo I aP 
Qa Qa 
(a) "In-plane Bending" Beam (b) "Out-o~plane Bending" Beam 
Figure 4.12 - Intermediate Plate Behaviour 
The mechanism is characterised by plastic hinges forming at Points 1 and 2 along the "In-
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plane" beam and Point 4 in the "Out-of-plane" beam. The bolts at Point 3 are deemed to 
be at yield while the bolt forces at Point 5, are related linearly to the former bolt forces 
through Equation 4.26. 
The bolts are assumed to have attained their full plastic moment and so the resistance 
generated by the bending of a single bolt is given by 
Jr·d: -fyb 
M• 32 4.30 
where db is the bolt diameter and /yb is the bolt yield stress. 
The free body diagrams for intermediate plate behaviour are shown in Figure 4.13. It is 
assumed that when intermediate plate behaviour commences, the prying forces (QJ and 
Qo) are zero. The prying forces QJ and Qo attain their maximum value (Qmax) at the point 
of transition from intermediate to thin plate behaviour. As discussed previously, the yield 
lines characteristic of intermediate plate behaviour form at Points 1, 2 and 4, thus 
M1 = M1p, Mz = Mzp and M4 = M4p· 
2·4j ~ Fo J~~~.,: ' ·t" 
Fa Bo 
®ij®M• 
M.p ~ Qo 
(a) ""In-plane Bending'" Beam (b) ""Out-o.fplane Bending"" Beam 
Figure 4.13 - Intermediate Plate Free Body Diagrams 
The two cases of zero and positive prying forces (QJ and Qo) are considered separately in 
the following. 
Case 1: Prying force Q1 = Qo = 0 
When the prying forces (QJ and Q0 ) are zero, the end plate is in the transition stage from 
thick to intermediate plate behaviour. At this point, the bolt loads (Br and Bo) can be 
determined from Figure 4.13 by taking moments about Point 2 and Point 4 respectively, 
giving 
M 2P+2·M• B, = ---'"':----=-
2·s.; 
Bo = M•P +M• 
s •• 
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4.31 
4.32 
Substituting Equations 4.31 and 4.32 into Equation 4.24, and setting the prying forces to 
zero enables the ultimate connection capacity at the point of transition from thick to 
intermediate behaviour to be expressed as 
-(M2P·(d+s..)+M1p·s.,+2·M,·d .M4P·d+M,·d)·( _ ) Me.,,- +2 d t, 
s.,·d s •• ·d 
4.33 
Case 2: Prying force Q1 > 0, Qo > 0 
It is assumed that the prying forces QJ and Q0 become positive concurrently. When the 
prying forces are greater than zero they can be evaluated using 
Q, = M 3 = F1 ·s., -M2P -2·M, 
aP aP 
Q _ M 5 _ F0 ·s .. -M4P -M, o- -
aP aP 
4.34 
4.35 
Substituting Equation 4.21 into Equation 4.34 and Equation 4.22 into Equation 4.35 
enables the prying forces QJ and Q0 to be determined as 
2·B1 ·s., -M2p -2·M, Q,=--~~--~----~ 
aP +soi 
h·B1 ·s •• -M3P -M, Qo = --'----'-'----"----'--
aP + soo 
4.36 
4.37 
Further substitution of Equations 4.36 and 4.37 into Equation 4.24 results in the 
expression for the ultimate moment capacity (Mc;01) of the connection based on 
intermediate behaviour with positive prying forces. 
-[2·B·a,+M2,+2·M, h·B·a,+M,,+M, M,,+M2,) ( ) Me - +2· + · d-t 
- ~+~) ~+~) d • 
4.38 
The above exposition on intermediate plate behaviour is valid from the point when the 
moment at Point 2, calculated from Equation 4.28, exceeds the plastic moment (M2p), and 
while ever the moment at Point 3, calculated from Equation 4.34, is less than the plastic 
moment (M3p). These conditions can be expressed in the following equations: 
2·B1 ·s., '2.M2P 4.39 
F; ·s., -M2P -2·M, ::;,M3 4.40 
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The bolt load B1 must also be less than or equal to the ultimate bolt load (B0 ). 
4.2.4.3 Thin Plate Behaviour 
Thin plate behaviour occurs when the moments at Points 1, 2 and 3 in the "In-plane 
Bending" beam and the moments at Points 4 and 5 in the "Out-of-plane Bending" beam 
have reached their plastic limits (Mip, Mzp, M 3p, M4p and Msp) (Figure 4.14) 
Fa Fa 
Ba i j Ba ~ ® Mb~ ~ 
a, s 
Q~-? 
2·B1 
(a) "In-plane Bending" Beam (b) "Out-of-plane Bending" Beam 
Figure 4.14- Thin Plate Behaviour 
Compared to intermediate plate behaviour, for thin plates additional yield lines form at 
Points 3 and 5. Once these yield lines have formed, the prying forces attain their 
maximum values (Qimax and Qomax): 
M,. 
Qlmox = --;;-
p 
M,. 
QOmax = ---;;;: 
_l·Ji' t FR FR 0~~-~i d )SM,, ®] iMbl_ WMs~ 
QOmox 
4.41 
4.42 
(a) "In-plane Bending" Beam (b) "Out-of-plane Bending" Beam 
Figure 4.15 - Thin Plate Free Body Diagrams 
The end plate behaves in an intermediate manner prior to the yield line forming at Point 
3. Using Equations 4.36 and 4.37 and substituting (2J =~ax and Qo = Qomax enables the 
bolt loads B, and Bo to be expressed 
B, Qlm.,. ·(a. + s • .)+ M2P + 2 · Mb 
2 ·Soi 
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4.43 
Ba 
Qam,. ·(aP +so;)+M4p +Mb 
4.44 
soo 
The resulting connection moment capacity for thin plate behaviour is found usmg 
Equations 4.43, 4.44 and 4.24, and is given by 
-(M1P+M2p M 5P+M2p+Mb M 3p+M2P+2·MbJ ( ) Mclllln- +2· + · d-t, 
d Soo 2·soi 
4.45 
Thin plate behaviour holds while the moment at Point 3 is equal to the plastic limit. 
4.2.4.4 Equivalent Yield Line Lengths 
The stub-tee analogy assumes that the yield lines form in a linear fashion, both 
transversely across the end plate and vertically in the plane of bending. The plastic 
collapse mechanisms described in Section 4.2.2 show that, for the eight-bolt connections, 
the yield lines rarely occur in this manner. To compensate for this inconsistency, 
"equivalent lengths" (for in-plane and out-of-plane bending) are determined for the yield 
lines such that the total amount of internal work involved in the mechanism remains 
unchanged. 
The equivalent lengths of the yield lines used for the cumulative stub-tee analysis depend 
on the assumed plastic collapse mechanism. Furthermore, these yield line lengths 
represent the cumulative length of the x or y components of several yield lines. An 
example of this is the equivalent yield line at point 2 (Figure 4.9a) for the plastic collapse 
Mechanism 5 (Section 4.2.2.5). The equivalent length of this yield line is deemed to be 
the sum of the yield line along the base of the beam section (b), and twice the x 
component of the diagonal yield line between Planes 3 and 5 ( 2(a + s0), see Figure 4.6). 
Although seven yield line mechanisms were identified and analysed, the test results 
indicate that the dominant failure modes that represent intermediate plate behaviour were 
Mechanisms 4 and 5. To further simplify the problem, in this thesis intermediate plate 
behaviour is assumed to be based on Mechanism 5, as the results for Mechanism 4 were 
only marginally (less than 3%) higher than those given by the former. To describe the thin 
plate behaviour, it is assumed that the end plate fails according to Mechanism 2, as the 
results from Mechanism 1 were consistently higher. The resulting equivalent yield line 
lengths are given in Table 4.12 and were determined using Table 4.2b and Table 4.5c for 
the yield line analysis for Mode 2 and Mode 5 respectively. 
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Table 4.12- Equivalent Lengths of Yield Lines for Cumulative Stub-Tee Analysis 
Equivalent Yield Line 
Figure 4.9 
Point 1 
Point 2 
Point 3 
Point 4 
Point 5 
Intermediate Plate 
Equivalent Yield Line Length 
Figure 4.6 
b 
b+2·(s0 +a) 
NIA 
d+(s0 +a) 
NIA 
Thin Plate 
Equivalent Yield Line Length 
Figure 4.3 
b 
b+2·(s0 +a) 
b-2·g+ 2 ·(so +a +g· (l-k))·a 
k·s +a 0 
d +s0 +a 
{ ( d- g)· k +a)· S0 + (a+ d- k ·g)· a 
k · S0 +a 
The theoretical capacities for the connections studied in Chapter 2 have been determined 
utilising the cumulative stub tee method as detailed previously. The predicted moment 
capacities for all three types of end plate behaviour are presented in Table 4.13. The 
connection dimensions are given in Table 2.3, and the corresponding end plate and bolt 
material properties are as detailed in Table 2.4 and Figure 2.6, respectively. As explained 
in subsequent sections, although it is not usually appropriate to compare the stub-tee 
model results with the test results, the latter values are also given in Table 4.13 for 
refeJence purposes. 
Table 4.13 - Connection Moments - Cumulative Modified Stub-Tee Analysis-
Test Connection Capacity (kNm) Experimental Capacity 
# Thick I Intermediate I Thin Mcu (kN) 
1 I 122.8 I ';;'"' 1'17.8 ifl., I 168.5 115.1 
2 I 171.9 . . 164.1 217.0 124.6 I·; . . 
. 
. 
• 3 I 121.1 !''. " 92.8 ' 98.8 93.9 
4 I. · 125.0 149.9 258.2 116.0 
' . .'·; '~ 
5 I 170.8 tr-t~: - ~ 130 9 . "" "' • .• 'Y~ • 
. 
127.4 92.7 
. 
. . 
6 I : , , 173.4 I 206.7 332.2 136.7 
7 I 119.2 136.1 234.6 113.2 
. 
- -
-
. 
8 126.4 104.9 ' ; ··~ 136.3 97.6 . it ,. . . • ':!!!. j 
·' 
.......... • _ .... += 
.... - ; .. nt!:r ti' ~., 
9 ~l <J86.:.:< 172.8 193.9 308.2 133.1 
-
" I '~'11' .. .•. 'iff '.' j .... TP .,, 
10 I 171.6 . ... ~ ;. ' 14 3 2 . ; ' 172.5 119.3 rthilj .... ' • . 
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4.2.5 Plastic Section Capacity 
The plastic section capacity of the tubular member may also govern the ultimate moment 
that the connection can attain. Design specification such as AS 4100 (SA, 1990) generally 
defme the plastic section capacity as the yield stress ([y) times the plastic section modulus 
(S). Although appropriate for design, this method of calculating the section plastic 
capacity does not usually reflect the experimentally measured ultimate moment as the 
cold working of the section introduces significant strain hardening into the material 
properties. A more accurate method to predict the experimental plastic section capacity 
would be to use the allowable stress as defmed by Packer et al. (1989). The yield stress 
and ultimate strength are assumed to be those of the material from the flats of the section. 
where 
M =S·f. 
' p 
4.46 
S = plastic section modulus 
fr, = plate design stress as defined by Equation 4.27 using measured 
yield stress ([y) and measured ultimate strength (fu) of section material. 
4.2.6 Punching Shear 
Punching shear failure (tearing of the end plate) occurs when the concentrated loads 
transferred from the section to the end plate exceed the shear capacity of the end plate 
over a localised region. While punching shear was not observed in the four-bolt 
connections, the additional rigidity of the eight-bolt connections, coupled with the high 
bending capacity of the section, resulted in the occurrence of punching shear failure in 
several of these connections. 
The model presented in this thesis to predict the connection moment at which punching 
shear failure occurs follows a simplified approach and assumes that shear failure planes 
are defmed by the geometry of the connection. The model also assumes that at the point 
of punching shear failure, the effect of bending in the end plate is minimal and does not 
affect the shear capacity of the end plate. The connection is considered to have failed in 
punching shear if the load in the tensile flange and adjacent regions of the section exceeds 
the shear capacity of the corresponding region (termed the "nominal shear length") of the 
end plate (see Figure 4.16). 
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o+ 1,, 0 
Shear Region 
d-g 
Line of action for flange 
shear force 
Line' of action for web 
shear force 
Figure 4.16 - Punching Shear Failure Modes 
The nominal shear length is the length around the perimeter of the section that is assumed 
to fail as a result of the section pulling out from the end plate. This length depends on the 
geometry of the connection as shown in Figure 4.16, and is divided into two regions, 
corresponding to flange failure and web failure. The flange failure length Clst) is defmed 
as the length of the flat on the section flange plus half the comers on either side. 
l =d -5·t +-· 2.5·t +s--" ( tp J 
" • 2 • 2 4.47 
In the above equation, s denotes the weld leg length and it has been assumed that the 
external comer radius of the tubular section is 2.5 times the wall thickness. 
The shear force generated adjacent to the flange region is assumed to act through the 
centreline of the flange (d- t,). 
The web failure length Clsw) considers the restraining effect of the bolts on the end plate. 
The assumed web failure length Clsw) is shown in Figure 4.16 and is given by 
l ( dbh " ( tp JJ =2· g-2.5·t +-+-· 2.5·t +s--•w '24 '2 4.48 
where dbh is the diameter of the bolt head. 
The shear forces generated adjacent to the webs of the section are assumed to act at the 
level of the tensile bolts positioned beside the section webs ( d- g). 
To compare the theoretical data with the experimental data, the end plate design stress (/p) 
defmed in Equation 4.27 is used to defme the end plate design stress in shear. 
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f. f'P = J3 
with respect to the Von Mises yield criterion. 
The design moment of the connection with respect to punching shear is expressed as 
Mps = J'P ·fp ·V,.r ·(d -t,)+(l,w ·(d- g))) 
4.49 
4.50 
where tp is the end plate thickness, d is the section depth, and t, is the section thickness. 
Using Equations 4.4 7 to 4.50, the punching shear failure loads for the 10 tests detailed in 
Chapter 2 have been calculated and are given in Table 4.14. The relevant geometrical and 
material properties are given in Tables 2.2 and 2.4 respectively. 
Further comments on the appropriateness and accuracy of the punching shear model are 
provided in the next section, where all of the possible failure modes are compared with 
the test results and discussed. 
4.2.7 Generalised Connection Model 
The cumulative modified stub-tee method identifies two modes of connection failure, 
which are bolt capacity and end plate capacity. Bolt capacity (which may occur in 
conjunction with thick or intermediate plate behaviour) occurs when the tensile bolts 
fracture, while plate capacity (thin plate behaviour) occurs when a plastic mechanism 
forms in the end plate without deformation of the bolts. The plate capacity is independent 
of the bolt loads. Other failure modes not considered in the modified stub-tee analysis but 
which may occur in practice include shear failure of the end plate (punching shear) and 
plastic section failure. The generalised connection model presented in tlus section and 
summarised in Table 4.14 considers each these failure modes and defmes the ultimate 
capacity of the connection according to the critical mode. 
Figure 4.17 shows a graphical comparison of the experimental and predicted results, and 
the statistical analysis given in Table 4.14 indicates a good correlation. The mean and 
standard deviation of the predicted to test ratios for all the tests was 0.95 and 0.05 
respectively. 
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Table 4.14 - Connection Capacities 
Test 
# 
Experimental 
Moment 
M cu (kNm) 
Stub Tee 
Capacity 
M cpred (kNm) 
Punching Shear 
Capacity 
Mps (kNm) 
1 (SHS) 
2 (RHS) 
3 (S HS) 
4 (SHS) 
5 (RHS) 
6 (RHS) 
7 (SHS) 
8 (SHS) 
9 (RHS) 
10 (RHS) 
116.0 (s) 
124.5 (p) 
93.9 (y) 
116.0 (s) 
92.7 (p) 
136.7 (s) 
113.2 (y) 
97.6 (p) 
117.8 
164.1 
92.8 
I II 
126.6 
116.8: 
• 
133.0 (p) 
119.0 (p) 
. 
-
124.9 
127.4 
173.4 
119.2 
.. ,.,.,... 
104~9 :'E 
172.8 
143.2 
_,_ --
(p) Punching shear failure observed 
(s) Section capacity failure observed 
(y) Failure by yield line formation and 
bolt fracture 
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94.9 
156.0 
87.6 
146.0 
134.7 
123.1 
123.2 
. ' ml11 0.0 _, 
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Theoretical Section 
Capacity 
Ms (kNm) 
-
108.3 
125.3 
108.3 
~;:-;-
108:3 
125.3 
rn . " 1· ·2 5 3· ~s)£t: . .• ' 
"'.:?;': 
108~3 
108.3 
125.3 
125.3 
Mean 
Standard Dev. 
+lO% 
,; 
• 
"" • 
_, 
., 
.. 
, . 
., 
Ratio 
M pred / Mu 
"" 
• 
0.93 
0.94 
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The results shown in Table 4.14 indicate that although a total often eight-bolt tests were 
performed, four of these were limited in strength by punching shear failure and a further 
four were governed by section capacity. Only two tests were governed by failure of the 
end plate itself, as computed using the stub tee analysis. Furthermore, both of the tests 
governed by end plate failure (Test #3 and #8) were limited by bolt capacity in 
conjunction with intermediate plate behaviour. Thin plate behaviour was not observed in 
any of the tests, and the thick end plate capacity was always preceded by the section 
capacity. 
It can be seen in Table 4.14 that there is an excellent correspondence between the 
experimental and theoretical results, both in terms of the predicted failure mode and the 
numerical value. In only two instances (Tests #7 and #8) was the incorrect failure mode 
inferred, but even in these cases the predicted to test ratios of 0.97 (Test#?) and 1.07 
(Test #8) are quite acceptable. The failure criteria and failure loads for the standard SHS 
tests (Test #1, #3, and #4) and standard RHS tests (Test #2, #5, #6) are presented in 
Figures 4.18 and 4.19 respectively. In these figures, the three modes of failure discussed 
in this chapter failure are shown. These modes are plastic section capacity (which is 
independent of the end plate thickness), the cumulative modified stub-tee capacity, and 
punching shear capacity. 
The failure criteria for the SHS (Figure 4.18) demonstrate that for the given end plate 
details, an end plate thicker than 16 mm will result in plastic section failure, while an end 
plate thinner than 12 mm forms a mechanism (thin plate behaviour). Punching shear 
failure never governs for square hollow section connections. 
For rectangular hollow sections, the different aspect ratio results in punching shear failure 
being dominant (Figure 4.19). Connections containing end plates thicker than 17 mm will 
attain full section capacity, while end plates thinner than 8 mm will fail as a result of a 
plastic mechanism forming in the end plate (thin plate behaviour). Connections 
containing end plates thinner than 17 mm and thicker than 8 mm fail as a result of 
punching shear. 
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4.3 SUMMARY 
In this chapter, design models are presented for prediction of the strength and behaviour 
of eight-bolt moment end plate connections in rectangular hollow sections. The models 
presented in this chapter employ similar principles to those employed for the four bolt 
connections described in Chapter 3. As in Chapter 3, the models initially investigate the 
possible yield mechanisms which can form in the end plate. The yield line analysis is then 
combined with the cumulative modified stub-tee analogy to predict the ultimate strength 
of the connection (Mcu). Two additional modes of failures are also identified, these being 
plastic section failure and punching shear failure. Both these failure modes need to be 
considered independently in the prediction of the connection strength. 
Prediction of the yield moment of the connection using the models derived in this chapter 
is generally unreliable, predicting yield moments which are up to 25% higher than those 
. measured experimentally. These unconservative results may be attributed to the 
assumptions made in the analysis, two of which are that the yield lines form in straight 
lines and that the sections are perfectly rectangular (no rounded comers). Conversely, for 
the tests that failed in the end plate, both the ultimate moment and the mode of failure are 
predicted with an acceptable degree of accuracy using the cumulative stub-tee method. 
The model and corresponding experimental work suggests that for rectangular beam 
sections bent about the major axis, punching shear failure of the end plate is a common 
strength limit state. While a simple model to predict this failure mode is presented in this 
chapter, the problem has not been investigated fully due to time constraints. Significant 
variations in the connection details, which are outside the scope of the current work, may 
affect the accuracy of the model. 
The results for the eight-bolt connections studied experimentally have been compared 
with the corresponding predictions of the model presented in this chapter. Although only 
two of the tests are predicted to fail according to the cumulative stub-tee model (Test #3 
and Test #8) the overall mix of failure modes and ultimate moment predictions 
demonstrates a reliable agreement with the experimental work. 
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Chapter 5 
FINITE ELEMENT MODELLING 
OF END PLATE CONNECTIONS 
5.1 INTRODUCTION 
Ideally, research on structural connections should be conducted through experimental, 
analytical/theoretical and numerical means. Reliable test results are fundamental and 
underpin the validity of all subsequent theoretical and numerical work. Analytical/ 
theoretical work is important since it often leads to the development of relatively simple 
design models that can be used routinely by structural engineers. Numerical modelling 
(fmite element analysis) is also important since, if successful, it provides an inexpensive 
alternative to physical experimentation and facilitates wide-ranging parametric studies. 
The fmite element modelling of bolted tubular end plate connections is the focus of this 
chapter. 
Rigorous fmite element modelling of bolted connections is not straightforward. It must 
take account of bolt pre-tensioning, contact between plates, prying action, plate 
separation, plate yielding, and bolt deformation and failure. Modem commercial fmite 
element packages such as ABAQUS (HKS, 1995) have the capability to model all these 
phenomena, but there are many subtleties. 
This chapter describes the fmite element modelling philosophy employed to analyse 
bolted moment end plate connections joining square and rectangular tubes subjected to 
pure bending. The ABAQUS finite element package (HKS, 1995) is used to simulate the 
behaviour observed in tests performed at the University of Sydney. The parameters varied 
in both the experiments and the ABAQUS simulations include the end plate thickness, the 
section shape (square or rectangular), and the position of the bolts. All of the behavioural 
phenomena mentioned in the preceding paragraph were considered explicitly in the 
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ABAQUS models. The results obtained from the finite element analyses are evaluated 
and the appropriateness of the model assessed by comparing the numerically predicted 
ultimate loads and moment-rotation responses with those of the corresponding tests. 
5.2 DEVELOPMENT OF FINITE ELEMENT MODELS 
5.2.1 Overview 
The generation of a three-dimensional fmite element model of the tubular end plate 
connection was carried out using the PATRAN pre-processor (PDA Engineering, 1994). 
The connections were analysed using the ABAQUS fmite element software package 
(HKS, 1995). The analysis incorporated the effects of both material and geometry 
nonlinearities. 
Finite element models were developed for both the four and eight bolt connection types, 
. and similar modelling philosophies were employed in both cases. The fmite element 
model of a typical eight-bolt connection is shown in Figure 5.1, with the vertical axis of 
symmetry along the beam length being utilised to reduce the size of the model. To aid the 
model verification process, the connection was divided into five individual sub-models, 
each of which represents a specific component of the connection. These components are 
identified in Figure 5 .I and are referred to as the end plate, the bolts, the weld, the 
section, and the rigid end cap. 
Rigid End 
Section Bolts 
Figure 5.1 -Finite Element Model 
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Plate 
i' 
The model employed solid three dimensional brick elements for each of the components, 
with additional interface elements used to model contact/separation between various 
surfaces. A description of each component, identifying the element types used, the 
material properties employed, and other significant features including verification is 
given in the following sections. 
The material properties used for the various components of the model were determined 
from the engineering stress-strain curves obtained through tensile tests, as detailed in 
Chapter 2. The section and end plate material properties were measured according to 
AS!391 (SA, !991b) using tensile coupons, while the material properties of the bolt were 
derived through controlled tensile tests carried out on the bolt I nut assembly. 
The incorporation of material nonlinearity in an ABAQUS model requires the use of the 
true stress ( Oirue) versus the logarithmic plastic strain ( c~) relationship. This must be 
determined from the engineering stress-strain relationship using 
cr true = cr eng (1 + eeng) 5.1 
E~ =In(! H )- cr true 
eng E 5.2 
in which CJeng is the engineering stress and &eng is the engineering strain (HK.S, 1995) 
The true stress-strain relationships were assigned to the appropriate component in the 
model using the "Elastic Plastic Isotropic Material" definition (HKS, 1995). The actual 
material properties for each of the model components are given in Sections 5 .2.2 to 5 .2. 7. 
5.2.2 Beam Section 
To model the beam section, eight-noded linear brick elements were utilised as shown in 
Figure 5.2. These elements are of type C3D8 in ABAQUS terminology. The dimensions 
of the sections for the respective tests are given in Table 2.1 and correspond to the 
nominal values (AISC, 1992). The external radius of the corners of the section is assumed 
to be 2.5 times the thickness of the section. 
The tubular sections employed in the bolted end plate connections were manufactured 
using a cold-forming process. As a result, the material in the corners of the section (the 
shaded portions of Figure 5.2) is of higher strength than the material in the flats of the 
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section. Consequently, different material properties were assigned to the comer and flat 
regions. The comer is assumed to extend through 90 degrees circumferentially. 
Figure 5.2 - Beam Section Element Layout 
Since there was little variation in material properties between the tested sections, average 
material properties for the flats and comers of the sections as detailed in Table 2.3 were 
used in the finite element analyses. The typical measured engineering stress-strain for all 
sections, along with the derived true stress-strain relationship used in the ABAQUS 
models, are shown in Figures 5.3a and 5.3b for the flat and comer portions of the sections 
respectively. The fact that the sections have been cold worked results in non-linear 
material behaviour with no clear elastic range or yield plateau. The comer material, which 
undergoes a greater degree of cold work than the flats, exhibits higher strengths but is 
considerably Jess ductile than the material from the flats. 
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Figure 5.3 - Typical Section Material Properties 
5.2.3 End Plate 
The general layout of the end plates for the four and eight bolt connections is shown in 
Figure 5.4, with the corresponding dimensions given in Table 2.2. For all tests, the edge 
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distance to the centre of the bolt holes was 30 mm, and the diameter of the holes was 
22 mm. The variable s0 is defmed as the distance from the flange of the section to the 
centre of the bolt holes, and c is the dimension from the webs of the section to the centre 
of the bolt holes. The plate thickness is denoted tp. 
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(a) Four-bolt connection (b) Eight-bolt connection 
Figure 5.4 - End Plate Layouts 
In. the fmite element simulations, the end plate was modelled using eight-noded linear 
hybrid bricks, corresponding to element type C3D8H in ABAQUS. The linear hybrid 
elements (constant pressure elements) were selected to prevent possible problems of 
volume strain locking, which can occur in the C3D8 linear elements (HKS, 1995). 
Following a convergence study, it was decided to use four elements through the thickness 
of the end plate for all analyses. Typical layouts are shown in Figure 5.5a and 5.5b, for 
the four-bolt and eight-bolt connections, respectively. 
(a) Four-bolt connection (b) Eight-bolt connection 
Figure 5.5 - Typical Finite Element Layouts for End Plates 
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The measured stress-strain relationships of the end plates follows the classic elastic-
plastic-strain hardening pattern as shown in Figure 5.6. Since the measured yield stresses 
and ultimate tensile strengths for the different end plate thicknesses (12 mm, 16 mm and 
20 mm) were all within 3 percent, an average stress-strain relationship was used for all 
plate thicknesses. This average stress-strain curve is shown in Figure 5.6. 
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Figure 5.6 - End Plate Material Properties 
5.2.4 Bolts 
In many cases, the ultimate strength of the connection depends on the tensile behaviour of 
the bolts. Therefore, to simulate the connection behaviour accurately, each bolt was 
modelled as a separate entity using the nominal cross-sectional areas (Ajax Fasteners 
Handbook, 1992). The model of a typical bolt constructed using eight noded hybrid linear 
brick elements (C3D8H), is shown in Figure 5.7. 
(a) Bolt Element Layout 
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(b) Material Properties 
Figure 5. 7 - Bolt Layout and Material Properties 
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It can be seen in Figure 5. 7 that a step is included in the bolt diameter to model the 
decrease in cross-sectional area from the unthreaded to the threaded portion of the bolt 
shank. For all connections studied in this thesis, the bolts were 20 mm nominal diameter. 
The stress-strain relationship of the bolts, shown in Figure 5.7b, was calculated from 
tensile tests on bolts from the same stock used in the connection tests. 
The interaction (i.e. contact and separation) between the bolt and the end plate is 
modelled using the INTER4 cubic interface elements (HKS, 1995). The assemblages of 
interface elements used to surround a typical bolt are shown in Figure 5.8. These 
assemblages are positioned between the underside of the bolt head and the end plate, and 
also between the bolt hole in the end plate and the bolt shank. The interface elements 
between the underside of the bolt head and the end plate (Figure 5.8a) were implemented 
as a "rough" interface to prevent slipping between the surfaces. The assemblages of 
interface elements between the bolt shank and the bolt hole (Figure 5.8b), modelled a 
frictionless interface to prevent the "penetration" of the bolt into the end plate at high 
rotations. 
(a) Bolt Head- End Plate Interface (b) Bolt Shank-Bolt Hole Interface 
Figure 5.8- Interface Elements used in Conjunction with Bolt Model 
5.2.5 Weld 
The connection between the tubular section and the end plate consisted of a combination 
butt-fillet weld. In the fmite element model, the butt weld is assumed to be an extension 
of the beam section and therefore has no effect on the connection stiffness. On the other 
hand, the fillet weld has an effect on both the connection strength and stiffness by 
inhibiting the bending of the end plate immediately adjacent to the section, thus stiffening 
and strengthening the overall response. Consequently, the weld was modelled as an 
individual component in the connection model using eight noded linear brick elements 
(C3D8) and six noded linear triangular prism elements (C3D6) (Figure 5.9a), to 
encompass the butt and fillet portions, respectively. 
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Figure 5.9- Weld Layout and Material Properties 
The specified nominal material properties of the weld metal exceed those of the tubular 
section and the end plate. Therefore, the material used in the weld regions of the model 
was assumed to have the linear elastic-strain hardening-plastic behaviour shown in Figure 
5.9b. The material properties used correspond to the manufacturer's properties for the 
L \\11 50XH filler material. These properties are a yield stress of 428 MPa and an 
ultimate tensile strength of 528 MPa (Zhao and Hancock, 1993). 
5.2.6 Rigid End Cap 
Pure moment loading was applied to the connection using imposed rotations about the 
neutral axis of a rigid end cap attached to the far end of the beam section. This end cap 
was modelled using linear brick and triangular prism elements (C3D8 and C3D6 
respectively), as shown in Figure 5.10. The material properties were implemented using a 
very high modulus of elasticity and no elastic limit. 
Figure 5.10 - Rigid End Cap Element Layout 
150 
5.2. 7 Initial Stresses and End Plate Deformations 
The cold-fonned tubular sections used in the end plate connections contain residual 
stresses as a result of the manufacturing process. Residual stresses and initial 
deformations of the end plate are also induced when the latter is welded to the tubular 
section. Bolt pre-tensioning introduces further initial stresses in the connection. These 
initial stresses and initial end plate deformations have varying effects on the connection 
behaviour as discussed in Section 5.3.5. 
When the end plate is welded to the tubular section, the heat generated induces residual 
stresses and bowing deformations in the end plate. These heat induced distortions of the 
end plate have a significant effect on the stiffness of the connection as the subsequent bolt 
pre-tensioning induces stresses into the end plate through the clamping action. In 
particular, high initial stresses occur at the toes of the welds. Numerical studies indicate 
that, although these initial stresses have an appreciable affect on the connection stiffuess 
ana moment-rotation response, the effect on the ultimate strength is negligible. 
For the finite element model described in this thesis, the heat-induced deformations of the 
end plate were modelled by simply displacing the initial geometry as shown in 
Figure 5. 11. The internal residual stress state resulting from welding was not modelled. 
For the four-bolt connections, the initial end plate displacen1ent of 00 (the magnitude of 
whjch depends on the end plate thickness) is applied to the top and bottom edges of the 
end plate with a linear variation to zero displacement at the flange. The eight-bolt 
connections have an initial displacement applied to the top and bottom edges, and also to 
the sides of the end plates . The magnitudes of the defom1ation ( 80 ) selected for the 
numerical analyses are given in Table 5. 1, and are based on measurements of the 
observed initial deformations . 
• 
Figure 5.11- Imposed End Plate Initial Deformation due to Heat Input 
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Oo 
End Plate Thickness 
fp (mm) 
12 
16 
20 
Table 5.1 - Initial End plate Deformations 
Initial Deformation (Four-Bolt) I Initial Deformation (Eight-Bolt) 
So (mm) S0 (mm) 
3.0 I 2.0 
1.5 1.0 
1.0 0.75 
Although it is a simple matter to modify the end plate geometry for the initial 
deformations, it is worth noting that the added complexity of sloping contact surfaces 
between the end plate and the adjacent rigid surface creates convergence difficulties 
which in tum increases the computation time used to solve the problem. 
5.2.8 Restraints and Loading 
The use of three-dimensional elements throughout the model means that generally only 
re~traints against nodal translations are required, with the exception being the reference 
nodes for the rigid surfaces. The orientation of the model was such that the end plate was 
located in the global xy plane, with the beam section longitudinal axis running along the 
global z axis. 
The nodes along the axis of symmetry were restrained against movement in the x 
direction but were permitted to move vertically (in the direction of the y axis) and 
longitudinally (in the direction of the z axis). The node located on the axis of symmetry 
and on the neutral axis in the end plate was also restrained against vertical movement (y 
axis). The nodes used as reference nodes for the "rigid surfaces" were restrained against 
both nodal translations and rotations. 
The "Rigid Surface" command (HKS, 1995) is used to define the behaviour of the surface 
immediately adjacent to and behind the end plate. This surface prevents the penetration of 
the end plate into a defined plane (representing the adjacent connecting surface) but 
allows separation of the end plate and rigid surface. The interface properties of the end 
plate and the rigid surface correspond to a frictionless surface, with zero impedance and 
zero nodal loads when separation occurs, allowing the end plate to slide up and down the 
rigid surface. 
The loading of the connection is carried out in five steps to model the complete behaviour 
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of the connection (see Figure 5.12). In the first two steps, displacements are applied to 
close the nominal gap between the solid elements and the appropriate rigid surfaces. In 
the third step, a concentrated load is applied to the end of the bolts to produce the pre-load 
of 145 kN (as specified in AS4100 (SA,l990)). In the fourth step, the bolts ends are fixed 
in their pre-tensioned position and equilibrium re-established. In the fmal step, the rigid 
end cap is rotated, thus applying a moment to the beam section and the connection. 
Initial State 
Close End Plate Rigid Surfaces 
Step 2 
Fix Bolt ends in pre-tensioned Position 
Step 4 
Rigid Surfaces 
Close Bolt Rigid Surfaces 
Step 1 
Pre-tension Bolts (Load P) 
Step 3 
Rotate End Cap 
Step 5 
Figure 5.12- Schematic Representation of Loading Procedure 
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5.3 VALIDATION OF FINITE ELEMENT MODELS 
The fmite element models described previously were verified using a number of 
numerical analyses. These analyses were carried out on various components of the 
connection to validate the method of loading the connection, the number and type of 
elements in the end plate, and the types of element used to model both the bolt and beam 
components. Additional numerical tests were conducted to observe the effect on the 
moment-rotation response of the end plate deformations caused by welding, as discussed 
further in Section 5.2.7. 
5.3.1 Beam Section Element Type and Layout 
To verify the accuracy of the model of the beam section itself, and to establish the most 
efficient method of loading the connection, three numerical models were developed. In 
these models, the element type and layout were varied, but the material properties 
remained constant (see Section 5.2.2). 
~ 
j:: tt 
~ 
~ 
(a) Comprehensive Model 
(b) Rigid End Cap Model (c) Shell Element Beam Model 
Figure 5.13- Beam Model Verification 
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The first model, termed the Comprehensive Model (Figure 5.13a), was constructed using 
three dimensional brick elements, and modelled the beam section and the associated 
loading plates as used in the experimental programme. The second model, termed the 
Rigid End Cap Model (Figure 5.13b), again used three-dimensional brick elements, but 
only over a short length of the beam adjacent to the central end plate. This length of 
section was capped by a rigid end cap consisting of three-dimensional brick elements as 
shown in Figure 5.13b. Moment loading was achieved by rotating the rigid end cap about 
its major principal axis. The third model, termed the Shell Element Model (Figure 5.13c), 
was constructed using two-dimensional shell elements and modelled a short length of the 
beam adjacent to the end plate. Moment loading was accomplished by defming the 
elements on the end of the section as rigid, and then rotating this row of elements in a 
similar fashion to the techniques employed for the Rigid End Cap Model. 
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Figure 5.14 -Beam Model Comparison 
The computed moment-rotation responses pertaining to the three models depicted in 
Figure 5.13 are plotted against the experimental results in Figure 5.14. The rotations 
plotted in Figure 5.14 were measured over a 75 mm length immediately adjacent to the 
plane of zero rotation at the centre of the beam. It can be seen in Figure 5.14 that the 
correlation between the experimental curves and the numerical results is very good, with 
no significant differences resulting from the methods of loading or types of elements 
used. Consequently, the selection of the method to be used for the connection model was 
based on efficiency. The Rigid End Cap Model was selected on the basis of minimisation 
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of the number of elements used and simplicity of integration into the end plate, which 
itself is most appropriately modelled using continuum rather than shell elements. 
5.3.2 Bolt Element Selection 
The ultimate capacity of the connection is often governed by the strength of the tensile 
bolts. For this reason, the behaviour of the bolts needs to be modelled accurately. To 
determine the best type of element to model the behaviour of the bolts, three numerical 
analyses were carried out on bolts with identical dimensions, but comprising different 
element types. The modelling of the bolts is described in detail in Section 5.2.4. Three 
types of elements were studied, these being the quadratic (C3D205), linear (C3D8) and 
linear hybrid (C3D8H) types (HKS, 1995). The bolts were subjected to pure tension. 
Comparisons of experimental and numerical load-strain responses are shown m 
Figure 5.15. It can be seen in this figure that all three element types produce the same 
initial stiffuess, but as the bolts begin to yield the models utilising the quadratic and linear 
hybrid elements peaked and shed their load substantially more effectively (realistically) 
than the linear element model. 
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Figure 5.15 - Bolt Element Type Comparison 
The difference in the behaviour of the various element types is attributed to the fact that 
the linear elements are unable to model accurately the effect of changing volume. This is 
demonstrated in Figure 5.16 where the deformed shapes of the bolts for each element type 
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are shown. Both the linear hybrid and quadratic elements demonstrated localised 
reduction in the tensile area (necking), while the linear elements have a more gradual 
reduction in the cross-sectional area of the bolt. 
11111:1111111 [ llllj 111111 
(a) Linear Elements (b) Linear Hybrid Elements 
(111111111111 
(c) Quadratic Elements 
Figure 5.16 -Bolt Deformations 
As the results for the linear hybrid element are nearly identical to those obtained for the 
quadratic element model, but with significantly fewer degrees of freedom, the former 
element type was selected to model the bolts in the end plate connection. 
To model tensile fracture, the bolts are deemed to have failed when the average strain in 
the shank exceeds 3 percent, which corresponds to a post ultimate load of approximately 
220 kN (see Figure 5.15). 
5.3.3 End Plate Element Selection 
The appropriateness of the type of elements used to model the end plate was assessed by 
comparing experimental connection test results with simulations using different types of 
end plate elements. The three types of end plate elements selected for comparison were 
the linear (C3D8), quadratic (C3D20), linear hybrid, constant pressure (C3D8H) 
elements. 
A number analyses were carried out using these three element types. For each type of 
element, the number of degrees of freedom, the number of elements, the CPU run time 
and the ultimate moment and rotation for Test #18 were also compared; the results are 
listed in Table 5.4. 
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Table 5.4 -End Plate Element Comparison (Test #18) 
Element Degrees of Number of System Rotation • Moment • 
Type Freedom Elementst Run-time 0 (rad) (kN.m) 
Linear 34773 5744/16684 2lm42s 0.0486 58.7 
Linear hybrid 39077 5744/20899 27m45s 0.0452 58.3 
Quadratic 74739 3296/15470 163m 2ls 0.0439 56.9 
Linear hybrid1 39077 5744/20899 46m45s 0.0477 58.2 
Rotations and moments determined when tensile bolts reach ultimate load 
oc P U time using a DEC Alpha 260 MHz workstation (run time z 18 xCPU time) 
1 The first figure represents the number of elements defining the model, while the second figure indicates 
the total number of elements used during the analysis (additional elements are generated to model the 
contact surfaces and incompressible elements). 
1 Initial deformation as outlined in Section 5.2. 7 applied 
The analysis carried out using the linear elements comprised the fewest degrees of 
freedom, but these elements are prone to "shear locking" which may result in an over-stiff 
response. On the other hand, the linear hybrid (constant pressure) elements, which 
nevertheless increase the number of degrees of freedom, are able to model the large 
deformations with greater accuracy. 
To ascertain the accuracy of using the linear hybrid elements, a comparison was made 
with the quadratic elements as shown in Figure 5.18. When a sufficient number of linear 
hybrid elements are included in the end plate, the behaviour of the linear hybrid and 
quadratic elements demonstrate excellent agreement. When the initial end plate 
distortions are included, both the quadratic and hybrid linear element results correspond 
closely to the experimental response as shown in Figure 5.18. 
The comparison of computer run-time shown in Table 5.4 demonstrates that for the added 
accuracy of the second order elements there is a eightfold increase in the computation 
time. The linear hybrid elements increase the run time one and a half times, but also 
remove the possibility of shear locking. For these reasons, the linear hybrid elements 
were selected to model the end plates for all subsequent numerical analyses. The 
inclusion of the initial end plate distortions also increases the computation time but, as 
shown in Section 5.3 .5, also provides a significant increase in the accuracy of the 
predicted moment-rotation response. 
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Figure 5.19- Effect of Number of Elements on Connection Response 
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5.3.4 Number of Elements 
To obtain a mesh that models the connection behaviour accurately, and with minimal 
computational requirement, a number of studies were carried out in which the number of 
elements across the end plate and the number of elements through the thickness of the end 
plate were varied. 
The effect of varying the number of elements across the end plate is shown in Figure 5.19 
for Test #18. An increase in the number of elements across the end plate affects the 
flexibility of the moment-rotation response substantially, causing the behaviour to 
approach that predicted by the quadratic elements. 
The effect of varying the number of elements through the thickness of the end plate is 
shown in Figure 5.20 for Test #18. The results indicate that the use of one element 
through the thickness is inadequate to predict the behaviour, but only slight differences in 
th~ behaviour are observed when two, three and four elements are employed through the 
end plate thickness. In order to be assured of an accurate model, all the simulations 
presented in this thesis employed four elements through the thickness, resulting in 
approximately 4000 elements in total. 
5.3.5 Effect of Initial End Plate Deformations 
The effects of the initial end plate deformations caused by both the heat distortion 
generated through welding and the applied pre-tension in the bolts were investigated. It 
was found that the imposition of initial end plate deformations, as described in Section 
5.2.7, has little effect on the connection ultimate moment, but a significant effect on the 
overall moment-rotation response. The variation in the response is demonstrated in 
Figures 5.21 and 5.22, where a number of numerical analyses with varying magnitudes of 
initial deformation are presented for the 16 mm and 20 mm end plate connections, 
respectively. 
The effect of the initial deformations on the 16 mm end plate is shown in Figure 5 .21. An 
initial deformation of I mm has a significant effect on the moment-rotation response but 
larger initial deformations (2.0 mm) do not induce any appreciable refinement of the 
response. The effect of the deformations on the thicker end plate is shown in Figure 5.22, 
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0.035 
which shows that the moment-rotation response is less sensitive to the magnitude of the 
initial deformations. 
Figures 5.21 and 5.22 demonstrate that although the effect of the initial end plate 
deformations on the connection ultimate strength is minimal, the moment -rotation 
response is softened considerably as a result of their inclusion. The magnitude of the 
initial deformations affects the stiffuess of the connection, but as shown in Figures 5.21 
and 5.22 a point is reached where further increases in initial deformations produce 
negligible additional changes in the connection response. 
The effect of bolt pre-load on the overall connection behaviour was also investigated 
numerically and the results are shown in Figure 5.23. Variations in the pre-load of± 30 
percent relative to the prescribed pre-load of 145 kN for a M20 bolt (AS 4100, (SA 
1990)) were considered. As shown in Figure 5.23, however, the overall moment-rotation 
response is quite insensitive to the bolt pre-load within the range investigated, although a 
lower pre-load tends to soften the response marginally. 
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5.4 SIMULATION OF FOUR-BOLT CONNECTIONS 
5.4.1 Results 
Having developed and validated the ABAQUS model, analyses were carried out on 
connection models using end plate dimensions as outlined in Chapter 2. The prime 
objective of the analysis was to simulate the corresponding experimental results as 
accurately as possible. 
The ultimate moment (Mab) and corresponding ultimate rotations ( t/Jab) obtained 
numerically are presented in Table 5.3 for each four-bolt (Type B) connection. The 
ultimate moment is defined as either when bolt fracture is deemed to have occurred (when 
the average strain in the bolt shank exceeds 3.0 percent as described in Section 5.3.2), or 
when the ductility limit (see Figure 1.9) is exceeded. Also shown in Table 5.3 are the 
corresponding ultimate moments (Mcu) and rotations ( tPcu) obtained experimentally. 
Table 5.3 -Experimental and Numerical Ultimate Moments and Rotations 
Specimen Moment Rotation 
# Mcu Mab M.tlMcu tPcu tPab t/Jab/¢cu 
11 48.6 51.5 1.06 0.056 0.062 1.10 
12 69 64.4 0.93 0.049 0.032 0.65 
13 77.4 79.1 1.02 0.034 0.027 0.79 
14 57.1 62.1 1.09 0.045 0.067 1.48 
15 72.5 71.6 0.99 0.039 0.027 0.68 
16 86.6 86.1 0.99 0.021 0.022 1.02 
17 38.6 39.9 1.03 0.069 0.090 1.30 
18 59.5 60.0 1.04 0.061 0.061 1.00 
19 72.4 74.8 1.03 0.059 0.033 0.57 
20 48.5 49.0 1.01 0.076 0.082 1.08 
21 71.3 70.9 0.99 0.054 0.050 0.93 
22 79.6 86.1 1.08 0.021 O.D28 1.33 
23 58.3 61.4 1.05 0.06 0.043 0.72 
24 66.6 68.1 1.02 0.037 0.027 0.74 
25 62.1 66.2 1.07 0.047 0.034 0.73 
26 86 78.4 0.91 0.041 0.022 0.54 
Mean 1.02 Mean 0.92 
SD 0.05 SD 0.29 
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Graphs comparing the experimental and predicted moment-rotation behaviour of the 
connections are presented in Appendix F. In this appendix, two graphs are provided for 
each test as described below. 
Figures F.! to F.l6 - graphs of the applied connection moment (M) versus the 
connection rotation ( 80 ). For each test, both the experimental results and the 
numerical prediction are presented. 
Figures F.l7 to F.32- graphs of the applied connection moment (M) versus the load 
in the bolts. In these graphs, four curves are presented representing the predicted 
loads in the top and bottom bolts and the measured change in strain in the "load 
cells washers" positioned under the bolt heads in the physical tests. 
5.4.2 Discussion 
The numerical analyses carried out for this thesis demonstrate that the flexibility and 
strength of the connection depends on the stiffuess of the end plate. This stiffuess is a 
function of the end plate thickness and the positions of the bolts relative to the section 
perimeter. The numerical simulations predicted the same trends in behaviour as were 
observed experimentally. 
The effect of end plate thickness on the stiffuess of the connection is shown in 
Figure 5.24, in which the connection moment versus the end plate separation has been 
plotted for Tests #17, #18 and #19. As shown in Appendices D and F, the end plate 
separation is linearly related to the connection rotation. Figure 5.24 demonstrates that the 
connection comprising the 20 mrn end plate (Test #19) provides the stiffest and strongest 
connection, with the plate separation reaching about 5 mrn at a corresponding ultimate 
moment of 74.8 kNm. At the other extreme, the 12 mrn end plate connection (Test #17) 
has an ultimate moment of 44.9 kNm and an end plate separation at ultimate which is in 
excess of25 mrn. The behaviour of the 16 mrn end plate falls between the two extremes, 
attaining an ultimate moment of 62.0 kNm with 13 mrn of end plate separation. 
The positions of the bolts relative to the section webs and flanges also affects the stiffuess 
of the end plate connection, as illustrated in Figure 5.25. In this figure, the end plate 
thickness is constant for all curves and only the bolt positions vary. 
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The locations of the bolts in the four-bolt connections are defined by two dimensions: the 
distance from the flange to the centreline of the bolts (s0 ) and the distance from the webs 
of the section to the centreline of the bolts (c), see Figure 2.l(b). The position of the bolts 
with respect to the section flange (s0 ) has a significant effect on the stiffness and strength 
of the connection. As the bolts are moved closer to the flanges (stiffening the end plate), 
the strength and stiffness of the connection increases (compare Test #24, #12 and #23 in 
Figure 5.25). Moving the bolts away from the line of the section web (c > 0), results in 
widening of the end plate, which increases its flexibility and hence reduces both the 
strength and stiffness of the connection (compare the results for Test #12 and #18 in 
Figure 5 .25). 
The modes of failure predicted by the numerical analysis depend on the stiffness of the 
end plate. Generally, the connections comprising relatively stiff end plates (thicknesses of 
20 nun or 16 nun) were predicted to fail as a result of the bolts exceeding the defmed 
fracture strain. The connections with the flexible end plates (thickness of 12 nun) were 
deemed to have failed when the rotation capacity as defined in Section 1.2.5 was 
exceeded. 
As discussed previously, a significant reduction in the strength and stiffness of the 
connection is observed as the bolts are moved away from the line of the webs. This 
decrease in connection capacity and increase in flexibility is the result of the formation of 
an alternative yield mechanism (Mechanism 4, see Figure 3.8) at lower loads. The 
differing end plate yield mechanisms may be discerned from Figures 5.26, 5.27 and 5.28, 
where the Von Mises stress distributions and end plate deformations for Tests #12 (c = 0 
nun) and Test #18 (c = 35 nun) are presented. 
The yield patterns in the end plates are shown in Figure 5.26, with regions of high stress 
concentrations in the end plate being interpreted as yield lines. When the bolts are in line 
with the webs (Test #12, c = 0), the yield lines form horizontally across the end plate 
(Figure 5.26a). When the bolts lie outside the line of the webs (Test #18, c > 0), yield 
lines form diagonally across the comers of the end plate (Figure 5.26b). These 
observations are reinforced by the deformation patterns presented in Figures 5.27 and 
5.28. In both figures, the end plates experience localised bending at the intersection with 
the top flange. In Figure 5.27, (c = 0) additional localised bending is observed in a line 
across the end plate at the base of the section. In Figure 5.28, ( c > 0) lines of localised 
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bending fonn diagonally across the end plate. 
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Figure 5.26- End Plate Stress Distributions (Von Mises Stresses, MPa) 
The effect of the initial end plate deformations induced by welding can be seen clearly in 
Figure 5.29, which plots the stress distributions resulting from the clamping action 
induced by the "tensioning" of the bolts to 145 kN. Substantial stresses result in the end 
plate adjacent to the flanges of the section. Figures 5.27 and 5.28, which plot the stress 
distributions at ultimate for Tests #12 and #18, respectively, highlight the discontinuity in 
the stresses in the section at the interface between the corners and flats. This phenomenon 
is the result of the use of different material properties in these zones, as discussed in 
Section 5.2.2. 
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5.4.3 Comparison with Experimental Results 
The experimental and numerical results for the four-bolt connections are compared in 
Table 5.3 and Figure 5.30. It should be noted that in the experimental study the tests with 
a 12 mm end plate (Tests #II, #14, #17 and #20) were all stopped due to excessive 
deformations and prior to failure of the bolts. The tabulated ultimate loads are therefore 
based on the ductility limit defmed in Section 1.2.5. 
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Figure 5.30 - Experimental vs ABAQUS Ultimate Moment 
As shown in Figure 5.30 and Table 5.3 the experimental and numerical ultimate moments 
correspond well, with a mean test-to-predicted ratio of 1.02 and a standard deviation of 
0.05. The moment-rotation curves for all16 four-bolt tests are given in Appendix F, with 
two typical curves presented in Figures 5.31 and 5.32. 
The experimental and numerical results for Test #12 (tp = 16 mm) are shown in Figure 
5 .31. It can be seen that the agreement is very good, with both the ultimate moment and 
rotation predicted accurately. Figure 5.32 presents the moment-rotation curve for 
Test #19 (tp = 16 mm). It can be seen in this figure that the numerical prediction is 
somewhat stiffer than the experimental response. 
Examination of the moment-rotation curves presented in Appendix F reveals that 
generally the agreement between the experimental and numerical results is reliable. One 
exception is Test #16, where, although the ultimate rotation and moment are similar, the 
moment-rotation curves differ significantly in the intermediate region. Also, the moment-
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rotation responses for the otherwise equivalent tests containing 12 mm and 16 mm end 
plates (Tests #14 and #15) differ significantly, suggesting an inconsistency in the 
experimental data. 
Tangible variations in the experimental and numerical moment-rotation responses were 
also observed for Tests #19, #22, #23, #24, #25 and #26. There are several possible 
causes for these discrepancies, although time constraints meant they could not be fully 
investigated in this thesis. Tests #23 and #25 were analysed using the meshes from Tests 
#12 and #15 respectively, adjusted by elongating the elements between the bolts and the 
tubular section. Refmement of the mesh between the bolts and section may provide 
moment-rotation curves that are closer to the experimental results. Tests #19, #22, #24 
and #26 contain stiff end plates, suggesting that the behaviour of the bolts may not be 
modelled accurately thus increasing the stiffness of the connection as discussed 
previously. 
A typical comparison of the behaviour of the bolts is shown in Figure 5.33. This figure 
presents the numerical bolt loads for both tensile and compressive bolts, and the measured 
average strain in the load cells located under the bolt heads in the physical test. It was not 
possible to calibrate accurately the small "load cell washers" positioned under the bolt 
heads in the experimental programme. 
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The qualitative behaviour of both the numerical bolt loads and the experimental strains 
are similar. The tensile bolt loads increase until the ultimate bolt load is reached, at which 
time load shedding occurs while the moment of resistance of the connection is still 
increasing marginally. The compressive bolts shed load from the onset of moment 
loading as a result of the initial tensions being relaxed, and this reduction in bolt loads 
continues until the stresses in the end plate are fully negated. Comparison of the 
numerical bolt loads and the measured load cell strains for all tests are given in 
Appendix F. Generally, the respective bolts behave in a similar manner although, as 
discussed in Chapter 2, no direct relationship can be detennined between the average 
strain and the experimental bo1t load. 
The experimental plastic defonnation for Test #20 (RHS, tp = 12 mm, c = 30 rom) is 
shown in Figure 5.34a. The corresponding deformations for the same connection 
predicted by the numerical analysis is shown in Figure 5 .34b. Both the experimental and 
numerical predictions defonn in a similar manner, with yield lines forming across each 
bottom comer of the end plate as shown. 
(a) Experimental Deformed Shape (b) ABAQUS Deformed Shape 
Figure 5.34 Comparison of End Plate Deformations (Test #20) 
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5.5 SIMULATION OF EIGHT-BOLT CONNECTIONS 
5.5.1 Results 
The ultimate moments (Mab) and ultimate rotations (¢.b) obtained from numerical 
simulations of the eight-bolt (Type A) connections are presented in Table 5.4. The 
ultimate moment of the eight-bolt connections occurs when either the section fails (plastic 
section failure) or the tensile bolts reach the strain limit as defined in Section 5.2.3. While 
punching shear failure (shear tearing) is identified as a failure mode, it cannot be 
modelled in the numerical analysis. Shear yielding, however, is included implicity. The 
experimental ultimate moments (Mcu) and rotations (¢cu) are also shown in Table 5.4. 
Table 5.4- Comparison of Numerical and Experimental Ultimate Moment 
and Rotations for Eight-Bolt Connections 
Specimen Moment Rotation 
# Mcu Mab M.tlMcu ¢cu rPab ¢.tl¢cu 
1 115.1 110.8 0.96 0.056 0.077 1.38 
2 124.6 131.5 1.06 0.049 0.032 0.65 
3 93.9 95.7 1.02 0.034 0.027 0.79 
4 116.0 111.9 0.96 0.045 0.067 1.48 
5 92.7 114.7 1.24 0.039 0.027 0.68 
6 136.7 137.4 1.01 0.021 0.022 1.02 
7 113.2 115.1 1.02 0.069 0.156 2.25 
8 97.6 105.6 1.08 0.061 0.082 1.35 
9 133.1 136.0 1.02 0.059 0.033 0.57 
10 119.3 133.3 1.12 0.041 0.022 0.54 
Mean 1.05 Mean 1.10 
SD 0.08 SD 0.58 
Graphs comparing the experimental and predicted behaviour of the connections are 
presented in Appendix G. In this appendix, two graphs are provided for each test as 
described below. 
Figures G.l to 0.10 - graphs of the applied connection moment (M) versus the 
connection rotation (Be)· 
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Figures G.ll to G.20- graphs of the applied connection moment (M) versus the 
load in the bolts. In each graph, eight curves are provided, four of which pertain to 
loads determined by numerical analysis and four of which pertain to strains 
measured experimentally by the load cell washers. 
5.5.2 Discussion 
As for the four-bolt connections, the numerical analysis demonstrates that the flexibility 
and strength of the connection depends on the flexibility of the end plate. This flexibility 
is a function of the thickness of the end plate and the position of the bolts. 
The effect of varying the end plate thickness is shown in Figure 5.35, in which the 
moment-rotation results for Tests #2, #5 and #6 are plotted. As demonstrated for the four-
bolt connections, a significant increase in the overall stiffness and strength is observed 
with an increase in the end plate thickness. The 20 mm end plate connection (Test #6) 
. fails through the attainment of full plasticity in the beam section (rather than the failure 
occurring in the connection itself). Conversly, Tests #2 and #5, comprising 16 mm and 12 
mm end plates, respectively, fail as a result of the bolts reaching the assumed fracture 
strain. 
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The behaviour of the tensile bolts (furthest from the neutral axis) for Test #2, #5 and #6 is 
shown in Figure 5.36. For both Test #5 and #2 the bolts clearly reach their ultimate load 
and subsequently shed load, while for Test #6 the ultimate load of the bolts is not reached. 
The ultimate bolt load for the 12 mm end plate (Test #5) is 2% lower than the equivalent 
ultimate bolt load for the 16 mm end plate (Test #2). Although the 20 mm end plate (Test 
#6) fails in the section rather than the connection, the bolts are close to their ultimate load 
yet show no signs of load shedding (compare Test #5 and #6). This variation in the 
ultimate load of the tensile bolts is probably a result of combined bending and tension 
actions on the bolts. As the 12 mm end plate deforms, substantial bending is introduced 
into the bolts thus reducing the ultimate tensile capacity. The 16 mm and 20 mm end 
plates are relatively stiffer, thus reducing the significance of this effect. 
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Figure 5.36 - Comparative Tensile Bolt Loads for Tests# 2, #5 and #6 
The stiffening effect of the position of the bolts relative to the section perimeter is 
illustrated in Figure 5.37. The three simulations presented in this figure have a constant 
end plate thickness, with the distance to the perimeter of the section (s0 ) being varied. 
Increasing the value of s0 reduces the stiffness of the end plate, thus resulting in a more 
flexible moment-rotation response and lower ultimate strength (compare Test #5 and #2 
for which s0 = 45 mm and 35 mm, respectively). Conversely, a decrease in the value of s0 
increases the stiffness of the moment-rotation response and hence increases the ultimate 
strength (compare Test #6 and #2 for which s0 = 25 mm and 35 mm, respectively). 
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As previously mentioned, the mode of failure of the connection depends on the stiffness 
of the end plate. The numerical analyses using the relatively stiff end plates (tp = 20 mm 
or s0 = 25 mm) failed in the beam section with the formation of a plastic hinge. The 
remaining connections with end plate thicknesses of 12 mm or 16 mm failed with tensile 
bolts reaching the predefined fracture strain. 
Typical yield patterns within the connection end plates, as determined by the numerical 
analyses, are presented in Figures 5.38 to 5.41. The yield mechanism in the end plates 
varies depending on the shape of the beam section (SHS or RHS), which defmes the 
positions of the bolts. The pitch of the four bolts above and below the axis of bending is 
approximately constant. The distance between the bolts adjacent to the section webs 
varies according to the depth of the section. This distance was generally either 90 mm for 
the SHS or 170 mm for the RHS. Two yield patterns are shown by the distribution of Von 
Mises stresses in Figure 5.38. The proximity of the bolts in the SHS models causes high 
concentrations of stresses to form around the perimeter of the section and between the 
tensile bolts. On the other hand, the additional spacing between the bolts in the RHS 
allows the formation of a horizontal yielded zone in the end plate at mid-depth. The areas 
of high stress concentrations shown in Figure 5.38 are consistent with the yield line 
patterns identified in Chapter 4. 
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Figure 5.38- Yield line Patterns (Von Mises Stresses, MPa) 
The similarities between the numerical analyses and the experimental results are further 
confiuned by observing the deformations along the vertical edge of the end plate as 
shown in Figure 5.39. The plate separation from the rigid surface for the SHS is 
negligible along the edge while for the RHS there is a significant lift between the bolts 
adjacent to the section. These deformations are consistent with those deduced from yield 
line analysis, and also with experimental observations. 
(a) SHS Test #1 (b) RHS Test #2 
Figure 5.39 - End Plate Vertical Edge Deformations 
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Introduction of initial end plate deformations as discussed in Section 5.3 .5 has an effect 
on the moment-rotation behaviour of the eight-bolt connections which is similar to that 
observed for the four-bolt connections described previously. The effect of the initial end 
plate deformations is shown in Figure 5.42 for Test #1. 
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Figure 5.42 - Effect of Initial deformations on Connection Behaviour 
Due to the different positioning of the bolts, the stresses induced by bolt tensioning in an 
eight-bolt connection differ from that of a four-bolt connection, as shown in Figure 5.43. 
As for the four-bolt connections, the region between the compressive bolts and tensile 
bolts in an eight-bolt connection experience high levels of stress as a result of the initial 
strains. Yielding is induced around the perimeter of the section at the toe of the weld. 
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5.5.3 Comparison with Experimental Results 
The experimental and nwnerical results for the eight-bolt connections are compared in 
Table 5.4 and Figure 5.44. Graphical comparisons for all tests are presented in 
Appendix G as previously discussed. When comparing the results, it should be noted that 
in the experimental study the tests were terminated when either a punching shear failure 
had occurred, when the load cells indicated a drop in bolt load, or when the section 
formed a plastic hinge. In the nwnerical analysis, the ultimate load was deemed to occur 
when the bolts reached their predefmed fracture strain (3 percent) or when the section 
failed plastically. Consequently, punching shear failure was not considered in the fmite 
element model. 
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Figure 5.44 -Experimental vs ABAQUS Ultimate Moment 
The agreement between the experimental and nwnerical ultimate moments is reasonable 
as shown in Figure 5.44. The mean and standard deviation of the experimental to 
nwnerical ratio is 1.05 and 0.08, respectively. Furthermore, if the tests that failed as a 
result of punching shear are ignored in the comparisons (Tests #2, #5, #8, #9, and #10), 
the mean and standard deviation are improved to 0.99 and 0.03 respectively. The 
comparison of experimental and nwnerical overall moment-rotation responses was 
generally good for the rectangular sections, but poor for the square sections. 
Typical moment-rotational curves for square and rectangular hollow sections are 
presented in Figures 5.45 and 5.46, respectively. 
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Figure 5.45 and 5.46 demonstrate that although the numerical analysis generally predicts 
accurately the ultimate behaviour of the connection (disregarding punching shear), the 
prediction of the overall moment-rotation behaviour varies significantly. The connections 
comprising SHS (Tests #1, #3, #4, #7 and #8), are generally significantly stiffer in the 
finite element simulations than in the tests, with the RHS connections being only 
marginally stiffer (see Appendix G). While not exhaustively investigated in this thesis, 
this additional stiffness in the SHS connections is thought to be associated with 
inadequate modelling of the bolts and their interaction with the end plate. The bolts in the 
SHS connection are positioned such that they restrain the comers of the section (the line 
of restraint between adjacent bolts passes through the comer of the section). Conversely, 
the positioning of the bolts in the RHS connections offers less restraint to the comers of 
the section, thus enabling a greater degree of flexibility within the end plate. 
A comparison of the numerically predicted bolt loads and measured load cell strains is 
shown in Figure 5.47 for Test #1. It can be seen in this figure that the quantitative 
behaviour of the bolts is similar. 
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It can be seen in Figure 5.47 that both the tensile bolts (Bolts #3 and #4) reach a peak load 
and then commence to shed load. The load in Bolt #2 initially drops as a result of 
relaxation of the initial tension, but as the connection opens Bolt #2 serves to restrain the 
end plate, causing an increase in its load. The compressive bolt at the top of the section 
(Bolt # 1) drops in load as the initial tension is reduced as a result of the bending moment 
acting on the connection. 
The deforrned shape of the end plate predicted by the numerical analysis demonstrates a 
very good correlation with the shape obtained in the experimental work as shown in 
Figure 5 .48. 
(a) Experimental Deformed Shape (b) ABAQUS Defonned Shape 
Figure 5.48 Comparison of End Plate Deformations 
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5.6 SUMMARY 
A numerical study of the behaviour of tubular bolted moment end plate connections has 
been described in this chapter. The analyses were conducted using the commercially 
available finite element package ABAQUS. ABAQUS is a comprehensive programme, 
having many element types, and allowing for material and geometric non-linearity. Brick 
elements were chosen to form the basis of the models used for this study. This type of 
element is appropriate as it is easily adapted to model the interfaces between the 
connecting surface and the end plates and bolts. 
To validate the model, a series of numerical analyses were conducted to determine the 
most efficient configuration for the components of the connection. These studies included 
investigations into the type and arrangement of elements used in the beam section, the 
type of elements used for the bolts, and the type of elements used for the end plate. A 
number of analyses were also conducted to determine the most efficient number of 
elements to use in the end plate model to ensure appropriate simulation of the test results. 
The 26 tests reported in Chapter 2 were analysed numerically. Connection parameters that 
were varied include the plate thickness, the section type, and the number and positions of 
the bolts. The model included the individual modelling of the bolts and the complex 
contact surfaces, as well as the introduction of initial end plate deformations to model the 
heat distortions generated through the welding of the tubular section to the end plate. 
Overall, the models simulated the behaviour of the connections well. The ultimate 
moments for both the four-bolt and eight-bolt connections are consistent with the 
experimental results. The mean and standard deviation of the ratio of the experimental 
and numerical ultimate moments was 1.02 and 0.05 for the four-bolt connections and 1.05 
and 0.08 for the eight-bolt connections. Comparisons of the experimental and numerical 
moment-rotation responses of the connections were excellent for most of the four-bolt 
connections, and the eight-bolt connections comprising the rectangular hollow sections. 
The eight-bolt connections utilising the square hollow sections, and the stiffer four-bolt 
connections (20 mm end plate) were predicted to be stiffer than the corresponding test 
results. Although not fully investigated in this thesis due to time constraints, it is thought 
that this additional stiffness may be due to the inadequate modelling of the bolts. 
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Although the ultimate loads generally corresponded well with the experimental results, 
the numerical analyses did not specifically model the effects of punching shear (although 
the effects of shear yielding were of course modelled in the non-linear material 
behaviour). The deformation and yielding patterns developed in the models correlate well 
with the experimental results and the yield line analyses developed in Chapters 3 and 4. 
The measured strains in the load cells were reflected in the bolt loads deduced by the 
numerical analyses although accurate correlations could not be made. 
The numerical analyses also verified a number of observations from the experimental 
programme. The analysis confirmed that the behaviour of the connection is function of 
the end plate stiffness and the bolt strength. The numerical models demonstrated that if 
the end plate is sufficiently flexible, the ultimate moment is dictated by mechanism 
formation in the end plate, resulting in a flexible connection. 
Overall, it can be said that the numerical analysis is effective in modelling the behaviour 
of connections accurately. While the complex model as described in this chapter requires 
the use of sophisticated software and high-powered hardware, the advantages of being 
able to predict the moment-rotation behaviour of the connections are far reaching. Wide 
ranging parametric studies can be performed without the need to perform additional 
physical tests. 
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Chapter 6 
DESIGN GUIDELINES 
6.1 INTRODUCTION 
As discussed in Chapter 1, some guidelines exist for the design of bolted moment end 
plate connections between tubular members. However, these models are limited to 
specific end plate configurations subjected to either tensile loading or combined 
coi)1pression and bending. 
In contrast, extensive investigations have been carried out into the behaviour of end plate 
connections joining !-sections, resulting in the development of Annex J of Eurocode 3 
(CEN, 1994). In this Annex, procedures are outlined to enable determination of both the 
ultimate strength and moment-rotation response of the connection using a component 
approach. While Annex J has been developed for use with !-sections members, the 
behaviour that was observed in the tests on tubular moment end plate connections is 
somewhat similar to that pertaining to !-sections. It is therefore thought that Annex J can 
be adapted in a relative simple manner for use with tubular end plate connections. 
In this chapter, Eurocode 3 - Annex J (CEN, 1994) is adapted for use with tubular 
members. The resulting predictions for the moment-rotation behaviour of the connections 
tested experimentally and described in Chapter 2 are determined. Also presented in this 
chapter are additional design models for both the four-bolt and eight-bolt connections, 
based on the theoretical analysis presented in Chapters 3 and 4, respectively. These 
models are also compared with experimental work carried out on similar connections by 
Mang (1980) and Petit et al. (1986). 
188 
6.2 EUROCODE 3- ANNEX J 
As a response to the trend towards more economical design of structures, Annex J of 
Eurocode 3 (CEN 1994) describes procedures which enable the designer to determine the 
moment-rotation response of connections for subsequent use in advanced analysis. 
Although Annex J was developed for use with connections comprising I or H sections, 
the Annex may also be applied to connections with similar joint configurations but 
utilising tubular members. The connections described in this thesis, although consisting of 
tubular members, have a geometry that is very similar to the extended end plate 
connections joining I sections. It is therefore assumed that the method described in Annex 
J is valid for the determination of the moment-rotation behaviour of tubular end plate 
connections described in this thesis. 
Annex J provides a procedure for determination of both the design capacity and the 
elastk stiffuess of a connection using the component approach. This approach detemlines 
the contributions of the individual components of a connection to the total connection 
strength and rotational behaviour. Twelve components that contribute to the behaviour of 
the connection are identified and tabulated in Table 6.1. An ' X ' in the table indicates that 
the component is considered in the evaluation of the capacity or stiffuess as the car.e may 
be. 
Table 6.1 -Basic Joint Components in Eurocode 3 Annex J Model 
No. Component Capacity Stiffuess 
1 Column web panel in shear X X 
2 Column web in compression X X 
3 Beam flange and web in compression X 
4 Column flange in bending X X 
5 Column web in tension X X 
6 End plate in bending X X 
7 Beam web in tension X 
8 Flange cleat in bending X X 
9 Bolts in tension X X 
10 Bolts in shear X X 
11 End plate in bearing X X 
12 Plate in tension or compression X 
189 
The design capacity of the connection is determined by the connection component with 
the minimum capacity, while the stiffness is determined by considering the interaction of 
all components contained in the connection. 
The moment-rotation behaviour of the connection defmed by Annex J may be either a 
simplified bi-linear relationship or a more complex non-linear relationship. In both cases, 
the design capacity (MRct) and the initial stiffness (Smi), as outlined in Sections 6.2.1 and 
6.2.2 respectively, defme the moment-rotation response. 
The bi-linear relationship shown in Figure 6.1 is a simple model of the connection 
behaviour, consisting of an elastic region followed by a fully plastic region defined by the 
design capacity (MRct). The elastic stiffness corresponds to the initial stiffness reduced by 
an appropriate factor ( 77) which depends on the connection configuration. 
MRd 
a 
J 
ini/T] 
Bolted End Plate 
1J =2 for beam·to-columnjoints 
3 for other types of joints 
Rotation r/Jcd 
Figure 6.1 -Bi-linear Moment-Rotation Curve According to Annex J 
The more complex non-linear behaviour is assumed to consist of three regions based on 
the level of applied moment (M) as shown in Figure 6.2. The initial region ranges from 
zero to 2/3 of the design capacity (i.e. 2/3 MRct) wherein the behaviour is assumed to be 
linear elastic with a stiffness corresponding to the initial stiffness (Smi)· The curved region 
from 2/3 MRct to the design moment MRct is defined using 
where 
S=(l.:~)"' 
MRd 
ljl = 2. 7 for end plate and welded joints and 
3.1 for flange cleated joints 
6.1 
which is based on a reducing stiffness. Once the design moment (MRct) is reached, the 
curve is assumed to plateau and continue until the rotation capacity ( r/lcct) is reached. The 
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degree of non-linearity of the curve in region 2 is dependent on the type of connection as 
defined by the variable If' as indicated in Equation 6.1. 
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Figure 6.2- Non-linear Moment-Rotation Curve According to Annex J 
Of the two types of moment-rotation behaviour presented in Annex J, the bi-linear 
relationship would generally be used for simplified elastic-plastic analysis, while the non-
linear behaviour would be more suitable for advanced plastic zone analysis. In this thesis, 
discussions are based primarily on the non-linear behaviour. 
6.2.1 Rotational Stiffness (S) 
The initial stiffuess of the connection (Smi) is based on the collective stiffuess of all the 
components (see Table 6.1). As the end plate connection discussed in this thesis does not 
consider the effect of connecting columns, the bolts in tension (component 9 in Table 6.1) 
and the end plate in bending (component 6 in Table 6.1) are the only components which 
contribute to the connection stiffuess. 
The general equation to define the initial stiffuess is 
S.- E zz 
uu- -
L__l_ 
i k, 
6.2 
where z is the lever arm from the centre of the compression flange of the beam section to 
the bolt row in tension, E is the modulus of elasticity and k1 the stiffuess of component i in 
the connection. For the included components 6 (end plate) and 9 (bolts in tension) the 
respective stiffuesses k6 and kg are defmed as 
0.85·Ldf ·t! 
k• = (s;)' 
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k9 
where fp = the end plate thickness 
1.6· A, 
Lb 
Leff = the effective end plate width as described in Section 6.2.2 
so' = the corrected distance from the flange to the line of bolts (Equation 3.17) 
A, = the tensile area of the bolts 
Lb = the grip length of the bolts (Figure 6.3) 
~ 
Figure 6.3 - Connection Geometrical Characteristics 
6.2.2 Design Moment Capacity (MRd) 
The design capacity of the connection is defmed as the minimum capacity pertaining to 
any of the basic components of the connection (Table 6.1 ). As in calculating the stiffness 
of the connection, when determining the strength of the connections studied in this thesis, 
only the design capacity of the end plate and tensile bolts are relevant. 
As the end plate in the tubular connection protrudes above the section and consequently 
behaves as an "extended" end plate, the strength of the end plate in bending and the 
tensile strength of the bolts are interdependent. For this type of application, Eurocode 
Annex J combines the capacity of the end plate and bolts by assuming that the end plate 
behaves as a stub-tee over a predefmed effective length. For the tubular connections 
studied in this thesis, the stub-tee assumption for the bolts and extended end plate, in 
conjunction with appropriate effective lengths is also appropriate. 
Annex J identifies five basic yield line patterns that may form in the extended end plate. 
These yield patterns and the corresponding effective lengths (Leff) as applied to the four-
bolt connection in tubular members, are shown in Figure 6.4. 
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Figure 6.4 - Yield Pattern Considered in Appendix J 
The stub-tee analysis used in Annex J identifies three possible modes of failure, these 
· being the formation of a plastic mechanism in the end plate (Mode I), bolt failure with 
yielding of the end plate (Mode 2) and tensile bolt failure (Mode 3). Expressions to 
calculate the potential capacity (P,) for a row of bolts are expressed as 
Mode 1- Complete yielding of the end plate 
P 
- Leff . t 2 • f 
c - p y 
s ' 0 
Mode 2- Bolt Failure with yielding of the end plate 
Mode 3- Bolt failure 
2 0.5·L,ff·t. ·Jy+B. p = _ ___:::~0:........::.2.....~ 
c s '+a 
0 
P, =B. 
6.3 
6.4 
6.5 
In the above equations Bu is the design tension capacity of the bolt group, Leff is the 
effective length of the stub-tee determined from Figure 6.4, fp is the thickness of the end 
plate,JY is the end plate yield stress, s0 ' is the corrected distance from line of bolts to the 
section flange, and a is the distance from the centreline of the bolts to the edge of the end 
plate. 
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The design capacity for the stub-tee is then defmed as the smallest value obtained from 
Equations 6.3 - 6.5. An alternative model that assumes the load applied by the bolts is 
uniformly distributed under the bolt head, rather than acting as a point load is also 
provided in Eurocode 3. This assumption, which is not considered in this thesis, leads to 
higher loads for the Mode I failure but leaves the Mode 2 and 3 failures unchanged. 
The design moment capacity of the bolted moment end plate is defined as 
MRd = L;h, .p" 6.6 
r 
where Per is the effective design tension generated by bolt row r, and h, is the distance 
from the centre of the equivalent tensile flange to the centre of the section compressive 
flange. 
6.2.3 Eurocode 3 Prediction of Four-bolt Connection Behaviour 
The moment-rotation behaviour of a four-bolt connection is determined assuming the 
connection behaves as an extended end plate connection. Using Equations 6.2 and the 
appropriate stiffness factors, the resulting initial stiffness and strength can be expressed as 
Stiffness 
Strength 
S. E(d+sJ2 
m• ( ')' so Lb 
+-
0.85·L ·t 3 !.6·A elf p s 
MRd = ~ ·(d -t,} 
where ~ = min{L•ff · t/ · fY 
s ' , 
0 
0.5 · L,jf · t/ · /y + 2 · B.l 
s '+a 0 
s '= s o so- - and 
.fi 
0.5·wP, 2·7r·so' 
• J 4 ·so'+1.25 ·a 
Leff =mml 
2·so'+0.625·a+ p/2 
2·so'+0.625·a1 +a2 
6.7 
6.8 
2·Bul} 
The initial stiffness (Smi) and the design moment capacity (MRd) for the four-bolt 
connections studied experimentally have been determined using Equations 6.7 and 6.8 
respectively, and are given in Table 6.2. Also presented in this table are the effective 
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length (Leff) and the ratio of the predicted to experimental ultimate moments for each 
connection. The corresponding end plate dimensions and material properties of end plate 
yield stress (/y) and tensile strength of the bolts (Bu1) are as detailed in Table 2.4, Table 
2.5 and Figure 2.6 respectively. 
The non-linear moment-rotation behaviour of the connections as defmed by Eurocode 3 
(CEN, 1994) are determined using Equation 6.1. The initial stiffness and moment 
capacity given in Table 6.2 are used with the coefficient If/ equal to 2.7. For each test, a 
comparison of the experimental moment-rotation behaviour and the moment-rotation 
behaviour predicted by Eurocode 3 is given in Appendix H. 
Table 6.2- Four-bolt Connection Strength and Stiffness 
Test Effective Length Initial Stiffness Moment Capacity 
# Leff(mm)" sini (kN.m/rad) MRct(kN.m) MRctf Me} 
11 105.00 (a) 19551 25.4 0.52 
12 105.00 (a) 28720 44.0 0.64 
13 105.00 (a) 33317 50.3 0.65 
14 80.00 (a) 30249 26.2 0.46 
15 80.00 (a) 46762 46.7 0.64 
16 80.00 (a) 56697 62.4 0.72 
17 107.44 (c) 21049 26.0 0.67 
18 107.44 (c) 30215 46.3 0.78 
19 107.44 (c) 34734 56.1 0.77 
20 97.44 (b) 35769 32.0 0.73 
21 97.44 (b) 52580 56.8 0.86 
22 97.44 (b) 61466 70.3 0.88 
23 105.00 (a) 18679 33.7 0.58 
24 87.44 (c) 39290 52.9 0.79 
25 80.00 (a) 29079 34.8 0.56 
26 77.44 (c) 70169 67.3 0.78 
c letter in brackets represents failure mode (see Mean 0.69 
Figure 6.3) 
I Values of M., are given in Table 2.2 STDDev. 0.121 
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Figures 6.5 and 6.6 present the comparison for Tests #12 and #18. For Test #12 
(Figure 6.5), for which the bolts are positioned such that the failure mode is of type (a) 
(Figure 6.4), it can be seen that initially the predicted behaviour is very similar to the 
observed behaviour. Test #18 (Figure 6.6), for which the bolts are positioned outside the 
webs of the section, experienced a different failure mode, and it can be seen that the 
Eurocode 3 model predicts an initial stiffuess of the connection significantly greater than 
that observed. For all the connections, the predicted moment capacity was significantly 
lower than the experimental ultimate results. As shown in Table 6.2, the mean predicted-
to-test ratio based on the Annex J model for the four-bolt connection is 0.69 and the 
corresponding standard deviation is 0.121. 
These results are clearly inferior to those given by the model described in chapter 3. Part 
of the reason for this, however relates to the use of an end plate yield stress (/y) in the 
Annex J model rather than an enhanced plate design stress (/p) as used in Chapter 3. The 
use of the plate design stress as used in Chapter 3 would increase the predicted strength 
results but also has an adverse effect on the post elastic stiffuess of the connection. 
Consequently in this thesis, the end plate yield stress was used in the Annex J model. 
The positioning of the bolts in Tests #17 - #22 are such that the bolts lie outside the line 
of the section webs. This additional spacing of the bolts reduces the stiffuess of the end 
plate and hence the strength of the connection. Since this bolting arrangement is not 
considered specifically in the Annex J model, the predictions for the moment-rotation 
curves for these tests demonstrate a capacity proportionally higher than those with a type 
(a) failure. The predicted initial stiffuess is also stiffer than the experimental results. This 
difference in strength and stiffuess may be attributed to the fact that the Eurocode 3 
model was developed for use with !-sections and hence neglects the fact that the comers 
of the rectangular hollow sections are rounded. This rounding of the comers, coupled 
with the position of the bolts, effectively results in an increase in s0 (the distance from 
bolt hole to toe of weld) thus reducing the actual strength and stiffuess of the connection 
relative to the predicted values. 
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6.2.4 Eurocode 3 Prediction of Eight-bolt Connection Behaviour 
When considering the eight-bolt connections, the bolts are divided into four rows as 
shown in Figure 6. 7. The first row of bolts, falling below the flange of the section, is 
modelled using the stub-tee analogy to obtain the effective capacity of the flange (P c), as 
described in the previous section. However the addition of the bolts along the side of the 
tubular member (second row of bolts) requires certain assumptions to be made about their 
behaviour. The fourth and third rows of bolts are neglected as the fourth row of bolts falls 
within the compressive region of the connection, while the third row experiences only 
minor deformation. 
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0 
0 ll.l.-g 
+so 
g 
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4
_1_ 
a, 
0 
0 
Line of Action of 
_ /Second Row of Bolts 
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Second Rows of Bolts 
Line of Action of 
First Row of Bolts 
Figure 6.7- Eurocode 3 Representation of Eight-Bolt Connection 
Since the webs of the member are located at the extremities of the flanges, it can be 
assumed that a region of the end plate adjacent to the tubular section acts as a stub-tee 
orientated vertically. In this thesis, it is assumed that the bolts on either side of the section 
forming the vertical stub tees have an effective length of 2g, where g is the distance from 
the section cotner to the bolt. The effective capacity generated in the webs (P c ') by these 
vertical stub-tees are assumed to act at a distance d- g from the top flange of the section. 
The effective length (Leff) of the stub-tee acting along the web of the section is as 
previously defined for the flange (Figure 6.4). 
Using these assumptions, the stiffness and strength of the eight-bolt connections can be 
detennined using the Eurocode 3 Annex J model. The lever arm (z) for calculation of the 
stiffness is determined as the distance from the compression flange to the centroid of the 
bolts (see Figure 6.7) and is defined as 
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4·B. 
2·d+so +g 
2 
The resulting initial stiffness and moment capacity can now be expressed as 
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6.10 
6.11 
To determine the effectiveness of Eurocode 3 (CEN, 1994) in predicting the moment-
rotation behaviour of the eight-bolt end plate connections, the stiffness and moment 
capacity for each corresponding connection detailed in Chapter 2 has been determined 
using Equations 6.9 and 6.10. These results are tabulated in Table 6.3. The material 
properties used to predict the behaviour are as measured and presented in Tables 2.4, 2.5 
and Figure 2.6. 
The non-linear moment-rotation predictions from Eurocode 3 for each of the eight-bolt 
connections as determined using Equation 6.1 are plotted and compared with the 
experimental results in Appendix H. A typical comparison is shown in Figure 6.8. 
As for the four-bolt connections, the ultimate moment predictions for the eight-bolt 
connections are substantially lower than the measured ultimate moments, although the 
predicted initial stiffness of the connections is generally good. These conservative results, 
which have also been observed in predictions ofl-section end plate connection behaviour 
(Jaspart eta! 1995), may be accredited to the fact that the yield stress is used to predict 
the behaviour of the end plate, and hence the effect of strain hardening, which is clearly 
evident in reality, is neglected in the model. The use of the plate design stress ([p) rather 
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than the yield stress ([y) would lead to predicted strengths which are closer to the 
experimental values. 
Table 6.3- Eight Bolt Connection Strength and Stiffness 
Test Initial Stiffness Moment Capacity 
# sini (kN.rnlrad) MRct(kN.m) MRctf Me} 
I 57852 68.0 0.64 
2 96882 77.1 0.66 
3 36494 41.1 0.45 
4 69659 87.8 0.83 
5 57771 46.0 0.50 
6 122129 95.5 0.83 
7 77382 90.4 0.92 
8 40349 54.9 0.62 
9 141273 103.3 0.82 
10 60108 61.7 0.57 
1 Values of Mou are given in Mean 0.68 
Table 2.2 STDDev. 0.160 
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6.3 CONNECTION DESIGN MODELS 
The initial part of this chapter has outlined design models for bolted moment end plate 
connections joining tubular members which are based on the provisions of Annex J of 
Eurocode 3. These models facilitated the computation of both the ultimate strength and 
the moment-rotation response of the connection. Although provmg to be conservative 
from a design standpoint, the use of Annex J of Eurocode 3 for the present work is not 
ideal for the following reasons: 
The Annex J model is primarily intended for !-section bolted moment end 
plate connections, and its application to corresponding tubular connections 
is therefore somewhat contrived. 
For both the four-bolt and eight-bolt connections, the conservatism of the 
model's prediction of the ultimate strength is of the order of30%. 
It was therefore considered prudent to develop more refmed design models specifically 
for the bolted tubular end plate connections studied in this thesis. These refined design 
models for the four and eight bolt connections are based on the corresponding theoretical 
models presented in Chapters 3 and 4, respectively. These models have been shown to 
accurately reflect the experimental fmdings both in terms of the failure mode and the 
strength predictions. 
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6.4 FOUR-BOLT CONNECTION DESIGN MODEL 
The design model presented in this section relates to a bolted moment end plate 
connection joining square or rectangular hollow sections containing four or more bolts. 
The connection is assumed to consist of two parallel rows of high strength structural 
grade bolts (8.8/TB), which are tensioned to the minimum bolt tension as specified in the 
Steel Structures Standard AS 4100 (SA, 1990). The typical layout of the end plate is 
shown in Figure 6.9. The depth of the beam section (d) is assumed to be no greater than 
400 mm, since for deeper sections the pattern of yield lines which form may not coincide 
with what is assumed in the model. 
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Figure 6.9 -Model Parameters- Four-bolt Connection 
The model presented is based on the theory presented in Chapter 3, in which three types 
of end plate behaviour (thick, intermediate and thin) are identified. Thin plate behaviour 
generally exhibits low stiffuess causing large deformations, reducing both the 
serviceability limit moment and the ultimate moment of the connection. Thick plate 
behaviour is characterised by bolt fracture, resulting in brittle connection behaviour. 
Intermediate plate behaviour, involving combined bolt and end plate failure, is identified 
as the "ideal" failure mode, producing a connection that is both economical and 
sufficiently ductile. 
Following the philosophy of Murray (1990), it is assumed that the bolts in the 
compressive region resist all the shear loads. While the theory presented in Chapter 3 is 
based primarily on the four-bolt connection, the introduction of additional bolts in the 
tensile and/or compressive bolt rows is easily included in the model. The inclusion of 
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these additional bolts may also improve the efficiency of the connection, by inhibiting the 
formation of complex two-dimensional yield patterns such as Mode 4 or Mode 5 shown 
in Figures 3.8 and 3.9 respectively. 
While the model presented is capable of modelling connections with complex yield line 
patterns through the use of an equivalent width (weq) concept for the yield line analysis 
(see Section 3.3.2), it is recommended that the tensile bolts be positioned so that two or 
more bolts fall between the line of the webs (c =a,- a. 50, see Figure 6.7). Positioning 
the tensile bolts in this manner increases the efficiency of the connection and the accuracy 
of the model. 
The ultimate moment of the connection, as predicted by the model, is based on the 
strength being limited by either the bolt capacity (Mcb) or the end plate capacity (Mcp). 
The strength limit state moment capacity of the connection (Mcu), is deemed to be the 
lower value of the two. Similarly, the connection serviceability moment (Mcs), is assumed 
to be the minimum of the moments that cause yielding of the bolts (Mcbs) or yielding of 
the end plate (Mcps)· 
The resisting moment generated by the bolts (Mb) is defmed as the plastic bending 
capacity of the bolts and is expressed as 
M tr·d'. + b=n· b Jyb 
32 
6.12 
in which/yb is the nominal yield stress of the bolts and n is the number of bolts. 
The end plate design stress ([p) is assumed to be equal to the definition given by Packer 
et al (1989) and is expressed as 
/p /y+2·fu 3 6.13 
in which/y and.fu are the nominal yield stress and nominal ultimate strength of the end 
plate material respectively. 
6.4.1 Strength Limit State Design 
As outlined in Chapter 3, the moment capacity of the connection is determined using a 
modified stub-tee method which includes the effects of prying forces. Equations to 
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calculate the connection capacity based on bolt failure and end plate failure are presented. 
The moment capacity of the connection will be the lower of these two values. 
6.4.1.1 Connection Capacity Limited by Bolt Failure 
Bolt failure is premised on intermediate plate behaviour (Section 3.3.4.2). The bolt load at 
failure is equal to the nominal tensile strength of all tensile bolts (Bu), and the stress in the 
end plate yield lines is equal to the plate design stress (/p) as defmed by Equation 6.13. 
The bolt load Bu1 is the tensile strength of an individual bolt. As it is assumed that tensile 
failure of the bolts govern in this case, it is appropriate that the capacity reduction factor 
for bolts in tension ( ¢1,) be used. 
Moment Capacity 
From an adaptation of Equation 3.34, the connection design moment capacity is given by 
1AM,b =1/Jb 
4·n·(B ·a + tr·d~ ·/ybJ·d'+w ·(d'+2·(s '+a ))·t 2 ·f. ul p 32 eq o p p p 
4 · (aP +so'}· d' ·(d -t,) 6.14 
Design Thickness 
If the connection design moment M* is known, the appropriate end plate thickness 
premised on bolt failure is given by 
(M*{aP +s.') ( tr·d~ · /byJJ , 4· -n· B ·a + ·d 1/Jb · (d- t,) ul P 32 
w"' · (d'+2 · (s.'+aJ· fP 6.15 fbu = 
The upper limit on the plate thickness for the capacity limited by bolt failure is 
' 4. n. But. so 
tp ::; ,/ w, •. /p 6.16 
since for thicker plates, the intermediate mode of behaviour ceases to be valid. 
6.4.1.2 Connection Capacity Limited by End Plate Failure 
The equations for end plate capacity are based on thin plate behaviour (Section 3.3.4.3) 
using the plate design stress (/p) (Equation 6.13). Since the capacity of the plate is 
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asswned to govern in this case, with no significant contribution from the bolts, it is 
appropriate that the capacity factor for the plate in bending ( r/ip) be used. 
Moment Capacity 
From an adaptation of Equation 3.39, the connection design moment capacity is given by 
4·d'·s' 0 
·(d -t,) 6.17 ¢,M,, = ¢, 
t: · f, ·(w," ·(d'+2·so')+(w," -node )·d')+n· 7r·d~· /yb ·d' 
Design Thickness 
For a given connection design moment M*, the appropriate end plate thickness premised 
on plate failure is given by 
( 
M*·s' 7r·d: · fb ) --'-~-"-0 ~ n Y d' 
1/Jp·(d+t,f . 32 . 
t,. = 
2
. ,, (w,q · (d'+2 · S
0 
')+ (w00 - n ·de)· d')· /P 
6.18 
6.4.2 Serviceability Limit State Design 
The serviceability moment is based on yield line analysis. Serviceability limits for the 
connection occur when either the bolts or the end plate begin to yield. Equations 6.19 and 
6.20 following give the serviceability moments for connections whose plate parameters 
are known, while Equations 6.21 and 6.22 enable the appropriate plate thickness to be 
calculated for a given serviceability moment M, *. The bolt load By! corresponds to the 
yield load of an individual bolt. 
Serviceability Limit Moments 
The serviceability limit moment based on bolt yielding (1/JbMcbs) is given by 
_ ((d'+2·(s0 '+a.))·w,q:t: · /y + n·~y,·a,)·(d-t,) ~bM,b, -~b 4·(s
0
'+a.)·d So +a, 6.19 
The serviceability limit moment based on plate yielding ( ¢pMcps) is given by 
(
f(d'+s ')·w -n·d ·d'}·t2 ·!) 
"'M -"' ~ o '" r ' y (d t) 
'l'p cps-'f'p 2·s '·d' . - s 
0 
6.20 
205 
Serviceability Thickness 
If the connection design serviceability moment M, * is known, the required plate thickness 
to satisfy the serviceability requirements based on bolt yielding and plate yielding are 
given respectively by 
tbs = 2. (d'+2·(s;+a,))·w,. · fr 
6.21 
M; ·(so'+a.)·d' -n·Br
1 
·a, ·d' 
¢I,. (d -t,) 
2·M' ·s '·d' 
t - I , 0 
ps- 1 ¢P · (d -t,)· ((d'+s0 ')· w,.- n -d, · d'}· fr 
6.22 
6.4.3 Design Procedure 
As discussed by Kennedy et al. (1981 ), a well designed and efficient connection is 
governed by bolt capacity (Equation 6.13-6.14). Connections governed by plate capacity 
are generally inefficient with the serviceability limit to ultimate strength ratio (MClf'Mcs) 
being considerably lower than those governed by bolt capacity. Connections governed by 
plate capacity are also more influenced by membrane stiffening effects in the end plate 
which are not considered in the design model described in this thesis. 
The recommended procedure for the design of the connection as described in Figure 6.7 
is as follows: 
I. Estimate the end plate dimensions for initial design based on section size, bolt 
size and number of bolts. 
2. If two or more bolts are not positioned within the webs of the section ( c :!{ 0), 
yield line analysis is required to determine the equivalent width (weq)· Otherwise 
the equivalent width is equal to the end plate width (Wp)· (If plate thickness 
already determined go to (6)). 
3. Solve for the strength limit state design thicknesses by substituting the design 
moment, ultimate bolt loads and plate properties into Equations 6.15 and 6.18 to 
obtain tbu and tpu respectively. 
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For appropriate ultimate strength limit state design, the required plate thickness 
is equal to the maximum of the thickness based on bolt and plate capacity 
(Equations 6.15 and 6.18), 
tu = max(tbu , fpu) 
4. Solve for the serviceability design thickness by substituting the serviceability 
moment, the yield load of the bolt, and the plate yield stress into Equations 6.21 
and 6.22 to obtain tbs and fps respectively. 
For appropriate serviceability limit state design, the required plate thickness is 
equal to maximum of the serviceability thicknesses calculated (Equations 6.21 
and 6.22). 
fsv = max(tbs ' fps) 
5. The resulting thickness for the end plate (tp) must exceed both the serviceability 
and ultimate limit state thicknesses, but must be less than the maximum 
allowable plate thickness (tmax) given by Equation 6.16, that is 
max(tsv, tu) ,.:; tp ,.:; tmax 
6. Solve Equations 6.14 and 6.17 using tp to obtain the design moment capacities of 
the connection ( rf>o Mcb and ¢p Mcp). If r/>o Mcb > ¢p Mcp. either select an alternative 
bolting arrangement to lower the bolt capacity, or a thicker plate to increase the 
plate capacity. Similarly if rf>oMcb < M* the bolt capacity must be increased. 
Recalculate moment capacities to ensure they exceed the design moment. 
7. Solve Equations 6.19 and 6.20 to ensure that the serviceability limit moments 
r/JbMcbs and ¢pMcps are greater than the serviceability design moment M, *. 
8. The serviceability limit moment is the minimum moment from (7), while the 
connection design capacity for the strength limit state is the minimum moment 
from (6). 
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6.4.4 Design Examples 
6.4.4.1 Example 1 
Given the section size, end plate size, and bolts details, determine the design ultimate 
moment and shear capacities for the following connection: 
Section 
End Plate 
Bolts 
125 x 75 x 4 RHS, Grade 350 
265 x 135 x 16 mm, Grade 350 
four M16 Grade 8.8 
The nominal yield stress and ultimate tensile strength for the end plate material are 
determined from AS 3678 (SA, 1981) ash = 350 MPa and fu = 450 MPa. From 
Equation 6.13, the resulting plate design stress isJ;, = 416 MPa. 
The proof load, nominal tensile strength and yield load of the bolts are determined from 
the Ajax Fasteners (1992) handbook as Bp = 91.0 kN, Bu1 = 125 kN and By1 = 100 kN, 
respectively. The bolts are positioned 30 mm from the edge of the end plate. From AS 
4 I 00 (1990), the capacity factors are 1/>o = 0.8 for the bolts in tension and ¢p = 0.9 for 
plates in bending. The weld leg length is specified to be 4 mm, giving d' = 130.7 mm and 
so'= 37.2 mm. With reference to the eight steps of the design procedure outlined in 
Section 6.4.3: 
1. The plate dimensions and section sizes are given. 
2. The bolts are in line with the web so Weq = Wp. 
Thickness of the end plate is known, therefore go to ( 6). 
6. Solve to obtain design capacities (Equations 6.14 and 6.17) 
1/>oMcb = 22.2 kN.m and r/JpMcp = 25.9 kN.m 
7. Solve to obtain serviceability limits (Equation 6.19 and 6.20) 
1/>oMcbs = 17.6 kN.m and r/JpMcps = 18.1 kN.m 
8. For the connection described, the serviceability limit moment is 17.6 kN.m, 
and the design ultimate moment capacity is 22.2 kN.m 
For the 125 x 75 x 4 RHS, the design section plastic moment capacity (rpM.) is 
I 9.0 kN.m (AS 41 00). Thus for the connection described, the ultimate strength is actually 
governed by the section capacity rather than the connection capacity. The shear capacity 
of the connection is also determined by assuming that all shear is taken by the 
compressive bolts, resulting in a design shear capacity of 118.6 kN to AS 4100 (1990). 
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6.4.4.2 Example2 
The section size and the design moment are given; design the connection plate thickness 
and number of bolts. 
Section size 150 x 150 x 6 SHS, Grade 350 
Design moment (M*) of35 kN.m 
Serviceability limit (M,*) of21.5 kN.m 
Assume 350 Grade end plate, the distance from the edge of the plate to the centre of the 
bolt holes (ae) is 30 mm, the distance from the centre of the boltholes to the flange of the 
section (so) is 40 mm, the bolts are in line with the webs of the section (c = 0), and the 
weld leg length is 6 mm. From AS4100, the capacity factors are 1/>o = 0.8 for bolt failure 
and ¢p = 0.9 for plate failure. 
1. Assume four M16 Grade 8.8 bolts, plate width (wp) of 210 mm and 
depth (Dp) of 290 mm. Bolt properties are tensile strength (Bui) of 
125 kN and yield load (By1) of 100 kN. 
2. The bolts are positioned in line with the webs so Weq = Wp. 
3. Substituting into Equations 6.15 and 6.18 gives 
fbu = 17.2 mm and fpu = 13.5 mm. Thus fu = 17.2 mm. 
4. Substituting into Equations 6.21 and 6.22 gives 
fbs = 13.6 mm and fps = 12.3 mm. Thus t, = 13.6 mm. 
5. The maximum allowable end plate thickness (tmax) is 20.2 mm. 
The required end plate thickness must be in the range 
max(t,, fu) :::; fp :::; !max 
1e. 17.2 :::; tp :::; 20.2 Therefore, assume tp = 18 mm. 
6. The design ultimate strength limit state moment capacities are 
rf>oMcb = 37.0 kN.m and ¢pMcp = 60.7 kN.m (Equations 6.14 and 6.17) 
Since M* < 1/>o Mcb < ¢p Mcp, the strength limit state is OK. 
7. The serviceability limit state moments are 
1/>oMcbs = 29.8 kN.m and ¢pMcps = 45.8 kN.m (Equations 6.19 and 6.20) 
Since M,* < rf>oMcbs, the serviceability limit state is OK. 
8. The strength limit state design moment capacity for the connection is 
37.0 kN.m, and the serviceability limit state moment is 29.8 kN.m. 
The connection therefore requires an 18 mm end plate with four M16 Grade 8.8 bolts. 
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6.4.4.3 Example3 
Suppose it is required that the design moment capacity of the end plate connection exceed 
the design moment capacity of the connected tubular member, for the end plate given 
below. Determine the required end plate thickness and the maximum design serviceability 
moment. 
End Plate 
Section 
330 x 230 Grade 350 
200x 100x4RHS 
The design section capacity of the 200 x 100 x 4 RHS is 51.5 k:N.m to AS4100. It is 
assumed that the distance from the edge of the plate to the centre of the bolts (a.) is 
30 mm, the weld leg length (s) is 4 mm, and four M24 bolts are used. The bolts have a 
yield load (By,) of233 kN and an ultimate load (Bui) of293 k:N. 
1. Plate dimensions already specified. 
2. The bolts are positioned outside the line of the webs; using yield line analysis 
(Equation 3.39) an equivalent width (Weq) of 177.3 mm is determined. 
3. Substitution into Equations 6.15 and 6.18 gives 
fbu = 5.9 mm and fpu = 14.3 mm, thus fu = 14.3 mm. 
4. Serviceability limit thickness not required. 
5. Select fp =15 mm. 
6. With a plate thickness (tp) of 15 mm, the limit state moments are 
rf>oMcb = 65.8 k:N.m and 1/JpMcp = 56.0 k:N.m. (Equations 6.14 and 6.17). 
Since rf>oMcb > 1/ipMcp, try 15 mm end plate with three tensile Ml6 bolts 
(five Ml6 bolts in total rather than the original four M24). This bolting 
arrangement results in a Mode 2 yield mechanism, thus Weq = 230 mm. 
Hence rf>oMcb = 52.3 k:N.m and 1/JpMcp = 65.8 k:N.m. 
Now rf>o Mcb < ¢p Mcp and the limit state strength is OK. 
7. Assuming the end plate thickness is 15 mm with five Ml6 Grade 8.8 
bolts gives serviceability limit moments of 
rf>oMcbs = 41.1 k:N.m and 1/JpMcps = 45.9 k:N.m. (Equations 6.19 and 6.20) 
8. The strength limit state design moment capacity for the connection is 
52.3 k:N.m, and the serviceability limit moment is 41.1 k:N.m. 
The required end plate has a thickness of 15 mm and contains five Ml6 bolts. 
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6.5 EIGHT BOLT CONNECTIONS 
The refmed design model for the eight-bolt end plate connection joining tubular members 
is presented in this section. The model is based on the theory presented in Chapter 4, 
which was calibrated using the tests discussed in Chapter 2. The model presented 
considers a connection containing eight bolts, all of which are pre-tensioned to the 
minimum level specified in AS 4100. The end plate layout is shown in Figure 6.10. As 
for the four-bolt model, the depth of the beam is assumed to be no greater than 400 mm. 
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Figure 6.10 Eight-Bolt Model Parameters 
As for the four-bolt connections, the theory for the eight-bolt connections identifies three 
modes of failure: thick plate behaviour, where the connection behaves in a brittle manner; 
intermediate plate behaviour where the connection fails as a result of combined end plate 
and bolt failure; and thin plate behaviour which is characterised by a mechanism forming 
in the end plate thus inhibiting failure of the bolts but producing a ductile connection with 
low serviceability limit loads. The recommended behaviour of the connection is in the 
intermediate region. The model also assumes that the connection is subjected to flexural 
loading, with the shear loads applied to the connection being resisted by the bolts in the 
compressive region of the connection, as outlined by Murray (1990). 
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6.5.1 Strength Limit State Design 
To determine the moment capacity of the connection, it is essential to consider all 
possible modes of failure. A total of four modes of failure have been identified, which are 
bolt failure, end plate failure, section failure and punching shear failure. Both the bolt and 
end plate failure moments are determined using the cumulative stub-tee model described 
in Section 4.2.4.4, while the punching shear and section capacities are determined using 
the models outlined in Sections 4.2.5 and 4.2.6, respectively. 
The length of the yield lines utilised in the cumulative stub-tee analysis is dependent on 
the yield mechanisms. However, for the limited range of practical bolt layouts 
investigated in this thesis, it was found that yield line Mechanism 4 predominated in 
conjunction with intermediate plate behaviour, and Mechanism 2 predominated in 
conjunction with thin plate behaviour. The resulting yield line lengths for the design 
model are primarily as derived in Section 4.2.4.4 and are given in Table 6.4. The yield 
lirie lengths given in Table 6.4 relate to are as detailed for Mechanism 4 (Section 4.2.2.4) 
for intermediate behaviour, and Mechanism 2 (Section 4.2.2.2) for thin plate behaviour. 
Table 6.4- Cumulative Stub-Tee Yield Line Lengths 
Yield Line I Length 
-
£1 b 
£2 b+2·(s0 +a) 
£3 I 
b+ 2·(s0 +a)·(2·a- g) 
(so +2·a) 
£4 I b+s0 +a 
Rs I 
d+ (2·a-g)·(so +a) 
(so +2·a) 
In Table 6.4 the yield line lengths £1 to £5 relate to the equivalent yield lines passing 
through Points I to 5 as defmed in Table 4.12. 
For simplification of the model, it is assumed that the variable k (the relative movement ~r­
the corner of the end plate, see Section 4.2.2.2) is equal to 0.5, thus reducing the complex 
expressions for yield lines 3 and 5 shown in Table 4.12 to those shown in Table 6.4. This 
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simplification results in an error of up to 7% in the prediction of the connection capacity 
limited by end plate failure. 
6.5.1.1 Connection Capacity Limited by Bolt Failure 
As in the four-bolt model, the bolt failure mode is premised on intermediate plate 
behaviour (Section 4.2.3). The failure is deemed to occur when the bolts on the tensile 
face of the connection reach their nominal tensile strength (Bul). At this point, the tensile 
bolts adjacent to the webs have reached a load defmed proportionally by kBuh where 
k= d-g 6.23 
d+s. 
The stress in the end plate along the yield lines is assumed to be equal to the design stress 
(/p) as defmed by Equation 6.13, while the contribution to the ultimate strength of the 
bolts in bending is based on the nominal yield stress of the bolts. Since it is assumed that 
tensile failure of the bolts governs, it is appropriate that the capacity reduction factor for 
bolts in tension ( rfo) be used. 
Moment Capacity 
From an adaptation of Equation 4.38, the connection design moment capacity when 
considering failure of the bolts is given by 
tAM,b = tA. Fb. (d -t,} 6.24 
where the force in the flange (Fb) is expressed as 
( 7!. d~ . fyb J ) )J 2· B.1 ·a.·(I+k)+ 16 +(~+(£2 .(a.+s.+d +2·£.-d ·t:·f, 
R = ( ) 4. d 4 ·(a. + s.). d b a +s p 0 
Design Thickness 
If the connection design moment M is known, the appropriate end plate thickness is 
determined from 
(
M"(a.+sJ ( ( ) 7!·d~·/ybJJ 4 · ( ) 2 · B., · a• · I+ k + · d 
rA · d-t, 16 
(£ 1 ·(a. +s.)+£ 2 ·(a. +s. +d)+ 2 ·£ 4 ·d)· f. 
6.25 fbu = 
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In this thesis, an upper limit is set on the end plate thickness defined by the point of 
transition from intermediate to thick plate behaviour. Although the capacity of the 
connection can still be determined for thick plate behaviour, it violates the design 
philosophy that the ideal mode of failure is an intermediate one. Thus the maximum value 
of the end plate thickness resulting in intermediate plate behaviour is given by 
t •• $; 6.26 
6.5.1.2 Connection Capacity Limited by End Plate Failure 
Connections governed by end plate failure are modelled using thin plate behaviour 
(Section 4.2.4.3) using the design stress ((p) as defmed by Equation 6.13. As the bolts 
used in the connection do not contribute to the failure mechanism, the appropriate 
capacity factor for this case is for the plate in bending ( ¢p). 
Moment Capacity 
From Equation 4.44, the connection design moment for the end plate is given by 
¢PM'P = ¢p. Fp! . (d- t.} 6.27 
with the force in the tensile flange being expressed as 
F = (.£L+ a·(d +sJ· £2 +d ·(2 ·a+sJ·£3 + 2 (£ 4 + £,))· t; · J;, + tr ·d~ · /yb 
pi d d·s·a s 4 S·s 0 0 0 
Design Thickness 
As for the bolt capacity, if the design moment M* is known the minimum end plate 
thickness to prevent end plate failure is given by 
4·d·S
0
·a·( M• tr·d~·fybJ 
¢P·(d-t,) S·s 0 6.28 fpu = {£ 1 ·S0 ·a+ a·(d +sJ·£ 2 +d ·{2 ·a+sJ·i' 3 +2·d ·a·{£ 4 +£,))· JP 
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6.5.1.3 Connection Capacity Limited by End Plate Punching Shear Failure 
Another possible mode of failure is that of tearing of the section from the end plate at the 
toe of the weld on the tensile side of the connection. This failure mode is termed "End 
Plate Punching" and is described in Section 4.2.6. End plate punching failure is a function 
of both the end plate thickness and the positions of the bolts. The design model for end 
plate punching is based on a simple modification of the corresponding theoretical model 
through the incorporation of the capacity factor for shear ( ¢v), 
«<>vMPs = «<>v. /TP ·tp. (I ,a . (d -t,)+/,w ·(d-g)) 6.29 
where f,p is the end plate design shear stress and I sf and lsw are the nominal shear lengths 
defmedas, 
/y +2-f. 
/TP = 3f3 
l =d-5-t +-· 2.5·t +s--7r ( tp) 
sr s 2 s 2 
l =2· g-2.5-t +-+-· 2.5·t +s--( 
dbh 7r ( tp )J 
sw '24 s 2 
6.30 
6.31 
6.32 
Equations 6.31 and 6.32 are based on the assumption that the external comer radius is 2.5 
times the section thickness (t,). 
6.5.1.4 Connection Capacity Limited by Plastic Section Failure 
Plastic section capacity is discussed in Section 4.2.5 and the relevant equation is 4.<f-6 
The cold formed sections used in this thesis exhibit post-yield strength as a result of the 
strain hardening which is present from the onset of yield. While Equation 4.30 allows for 
this additional strength using the design stress as defined in Equation 4.27, the Australian 
steel structures standard AS 4100 (1990) requires that the section capacity be determined 
using the yield stress 
M, =Z, ·fy 6.33 
where Ze is the effective section modulus which is equal to the plastic section modulus (S) 
for compact sections. 
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6.5.2 Serviceability Limit State Design 
As has been explained previously in Section 4.2.3, the yield line analysis of the eight-bolt 
connections employs some significant approximations such as the assumption of square 
rather than rounded comers in the tubular sections. Such assumptions adversely affect the 
accuracy of the yield line analysis to the point where it is unreliable for the prediction of 
serviceability loads. As a simplification, it is assumed here that the serviceability moment 
is equal to 70 percent of the ultimate moment. 
6.5.3 Design Procedure 
The design philosophy for the eight-bolt connections is identical to that employed for the 
four-bolt connections as discussed in Section 6.3, with the ideal mode of failure being 
bolt fracture associated with intermediate end plate behaviour. The recommended 
procedure for design of connections of the type shown in Figure 6.10 is as follows: 
1. Estimate the end plate dimensions for initial design based on section size and 
bolt size (If plate thickness already determined go to (3)). 
2. Solve for the strength limit state design thicknesses by substituting the design 
moment, the ultimate bolt loads and the plate properties into Equations 6.25 and 
6.28 to obtain tbu and tpu. respectively. 
For appropriate ultimate strength limit state design, the required plate thickness 
(tu) is equal to the maximum of the thicknesses based on bolt and plate capacity 
(Equations 6.25 and 6.28) 
tu = max(tbu , tpu) 
3. Solve Equations 6.24 and 6.27 using tp to obtain the design moment capacities 
(1/Jt,Mcb and ¢pMcp) of the connection. lf 1/Jt,Mcb > t/JpMcp, either select an 
alternative bolting arrangement to lower the bolt capacity, or a thicker plate to 
increase the plate capacity. Similarly if 1/Jt, Mcb < M* the bolt capacity must be 
increased. Recalculate moment capacities to ensure they exceed the design 
moment. 
4. Check for section capacity and punching shear using Equations 6.33 and 6.29 
respectively. 
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6.5.4 Design Examples 
6.5.4.1 Example 1 
This example determines the ultimate and serviceability moments of an eight-bolt 
connection for a known section size, end plate thickness and bolt details. 
Section 
End Plate 
Bolts 
125 x 75 x 4 RHS, Grade 350 
255 x 205 x 8 mm, Grade 350 
Eight Ml6 Grade 8.8 Bolts 
The nominal yield stress (h) and ultimate tensile strength (fu) for the end plate material 
are determined from AS 3678 (SA, 1981) as fY = 350 MPa and .fu = 450 MPa. From 
Equation 6.13, the resulting plate design stress is_t;, = 416 MPa. 
The nominal tensile strength of the bolts are determined from the Ajax Fasteners (1992) 
handbook as Bu1 = 125 kN. The bolts are positioned 30 mm from the edge of the end 
plate, 35 mm from the edge of the section, and g =7.5 mm (see Figure 6.8). From 
AS 4100 (1990), the capacity factors are r/Jo = 0.8 for the bolt failure, ¢p = 0.9 for plate 
failure in plastic bending and section capacity failure, and ¢v = 0.7 for punching shear 
failure. 
With reference to the design steps outlined in Section 6.4.3: 
1. Plate size defmed 
2. Plate thickness defmed, goto 3. 
3. From Equations 6.24 and 6.27, the bolt and end plate capacities are 
determined as: 
¢Mcb = 28.5 kNm and ¢Mcp = 37.6 kNm respectively 
4. From Equations 6.29 and 6.33, the section and punching shear capacities 
are determined as: 
¢M, = 19.0 kNm and ¢Mps = 31.1 kNm respectively 
The section strength therefore governs the ultimate strength of the connection. The 
ultimate moment of the connection is 19.0 kNm, while the serviceability moment is 
assumed to be 0.7 x 19.0 kNm = 13.3 kNm. 
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6.5.4.2 Example 2 
The section size and the design moment are given; design the connection plate thickness 
and the position and diameter of the bolts. 
Section size 150 x 150 x 6 SHS, Grade 350 
Design moment (M*) of 35 kN.m 
Serviceability limit (M, *) of 21.5 kN.m 
Assume 350 Grade end plate, and that the distance from the edge to centre of bolt holes 
(a.) is 30 mm. The weld leg length (s) is 6 mm. From AS4100, the capacity factors are 
t/>o = 0.8 for the bolts, ¢p = 0.9 for the plate and section capacity in bending and ¢v = 0. 7 
for punching shear failure. The results are summarised below and full calculation details 
are given in Appendix J. 
An end plate with a width of 290 mm and a depth of 290 mm is selected. The distance 
from the centre of the bolts to the perimeter of the section (s0 ) is 40 mm, and g = 25 mm 
(see Figure 6.8). Eight Ml6 Grade 8.8 bolts, each with a tensile strength (Bui) of 125 kN 
are utilised. 
2. The minimum thickness required for the end plate is determined using 
Equations 6.25 and 6.28 as 
fpb = 8.8 mm and tpp = 6.5 mm 
for the bolt and end plate capacities respectively. The minimum end plate 
thickness is 8.8 mm, so select a 10 mm end plate. 
3. Substituting values into Equations 6.24 and 6.27, the bolt and end plate 
capacities are determined as 
Mcb = 38.6 kNm and Mcp = 77.0 kNm respectively 
4. From Equations 6.29 and 6.33, the section capacity in bending and the 
punching shear capacities are determined as 
Ms = 55.9 kNm and Mps = 62.3 kNm respectively. 
The ultimate capacity of the connection as detailed is therefore 38.6 kNm, with the 
governing mode of failure being bolt fracture. The serviceability moment is 27 kNm. 
The connection design based on a 10 mm end plate with eight Ml6 Grade 8.8 bolts is 
therefore adequate with respect to both ultimate strength and serviceability. 
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6.6 SUMMARY 
In this chapter, a model derived from Annex J of Eurocode 3 is presented for use with 
bolted moment end plate connections comprising tubular members. The Eurocode model 
enables the designer to predict the ultimate strength and the moment-rotation behaviour of 
a connection. This model was adapted and applied to both the four-bolt and eight-bolt 
connections, and the predicted behaviour was compared to that observed experimentally. 
The comparisons demonstrated that generally the predictions made using the Eurocode 3 
Annex J model are very conservative, with the mean of the ratio of the predicted to 
experimental moments being approximately 70 percent. The prediction of the initial 
stiffness however, which is nevertheless based on this predicted ultimate moment, 
demonstrated good agreement with the experimental work. The variations of the predicted 
and measured ultimate strengths are similar to those observed in end plate connections 
comprising !-sections. 
Additional models were also presented is this chapter for both the four-bolt and eight-bolt 
connections. These models are based on the theory presented in Chapters 3 and 4 for the 
four-bolt and eight-bolt connections, respectively. In both cases, the models are limited to 
tubular sections of depth less than 400 mm. Additionally, the four-bolt connection must 
contain two rows of bolts, one above and one below the section, and the eight bolt model 
is limited to a doubly symmetric arrangement of bolts. For both models, a simple design 
procedure was presented which enables the designer to determine a suitable plate 
thickness to achieve the required capacity. 
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Chapter 7 
CONCLUSIONS 
7.1 SUMMARY 
The bolted end plate connections joining square and rectangular hollow sections studied 
in this thesis are currently used in a number of different types of tubular structures. 
However, the design methods currently being used to determine the capacities of these 
connections are generally conservative, based on approximate methods with a minimal 
theoretical basis. 
A number of models currently exist for predicting the capacity of !-section end plate 
connections. In contrast, no documented models for predicting the moment capacity of 
tubular end plate connections appears to exist. As structures utilising square and 
rectangular hollow sections are becoming more popular, it is imperative that economical 
design models be developed. 
In this thesis, the behaviour of end plate connections comprising square and rectangular 
hollow sections subjected to pure flexure has been studied. The moment-rotation 
behaviour of the connections has been studied from both an experimental and a numerical 
standpoint. A number of theoretical methods used to model the behaviour of the 
connection and predict the ultimate strength of the connection were also investigated. 
Using the experimental data to calibrate the theoretical studies, design models that can be 
used by engineers were developed. These models enable the prediction of the ultimate 
moment for bolted moment end plate connections contained in square or rectangular 
hollow sections subjected to pure flexure. 
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7.2 EXPERIMENTAL WORK 
The experimental results for 26 moment end plate connections joining square or 
rectangular hollow sections have been presented. A number of parameters were varied in 
the test programme; these included the number of bolts, the position of the bolts relative 
to the section perimeter, and the thickness of the end plate. The tests were divided into 
two series based on the number of bolts contained within the connection. Type A 
connections contained 8 bolts while Type B connections contained 4 bolts. The moment-
rotation response was recorded for each test, as were the ultimate failure moment and 
corresponding yield pattern to enable comparison with theoretical models. 
The Type A connections comprised eight bolts placed in a doubly symmetric pattern 
around the section as shown in Figure 2.2. This pattern resulted in the stiffening of the 
end plate across the comers of the connecting beam section. Consequently, the Type A 
connections produced both high levels of rigidity and high ultimate moments, comparable 
with the full plastic capacity of the section. Of the I 0 eight-bolt connections tested, 5 
failed as a result of section failure, with the remaining tests all exceeding 70 % of the 
I 
plastic moment capacity of the section. A number of connections also failed as a result of 
punching shear failure in the end plate (section tearing out of the end plate). 
The Type B connections contained four bolts, positioned such that two rows of bolts 
parallel to the axis of bending were present, one above the section and the other below 
(see Figure 2.2). This bolting arrangement resulted in end plates that were relatively less 
rigid, producing connections that were considerably more ductile than the eight-bolt 
connections. All Type B connections failed at an ultimate moment of less than 60 % the 
plastic capacity of the beam section. Unlike the eight-bolt connections, no evidence of 
punching shear was observed even though high levels of bending were observed in the 
end plates. 
For both the eight-bolt and four-bolt connections, the effect of changing the end plate 
thickness was similar, with the thicker end plates producing stiffer connections with 
higher ultimate moments. For the connections comprising thinner end plates, in particular 
those consisting of four bolts, the response was very ductile with moment capacities well 
below the full plastic moment of the section. The positioning of the bolts also affected the 
strength and rigidity of the connections, with increases in strength and stiffness being 
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observed as the bolts were moved closer to the section perimeter. 
A number of the four bolt connections employed a bolting arrangement with the bolts 
outside the line of the section webs. The net result of this bolt positioning was a decrease 
in both the stiffness and strength of the connection. This result is attributed to the bolting 
pattern allowing the formation of yield lines diagonally across the comers of the end 
plate. Generally, it can be said that the stiffness and strength of the connections are highly 
dependent on the stiffness of the end plate, which in tum is governed by the thickness of 
the end plate and the positioning of the bolts around the section. 
Most design specifications require that a connection be treated as either rigid or flexible 
(pinned), and in some cases semi-rigid. The connections tested in this thesis were 
classified using the Bjorhovde classification scheme which is based on the stiffness and 
strength of the connection, as noted in Chapter I. The eight-bolt connections were 
generally classified as rigid for both strength and stiffness, while all the four-bolt 
connections were classified as semi-rigid. 
7.3 THEORETICAL ANALYSIS 
The theoretical models for both the eight-bolt and four-bolt connections presented in this 
thesis are based on the combination of yield line analysis and stub-tee analysis. The yield 
line analysis considers mechanisms that form in the end plate, with the possibly of 
mechanisms resulting from the combined bolt and end plate yielding. The stub-tee 
analysis allows the effect of prying forces to be introduced into the model. Both these 
methods have been used extensively for determining the end plate capacities of !-section 
end plate connections. Using similar principles, models predicting both the serviceability 
and the ultimate moments for tubular end plate connections are developed and presented 
in this thesis. 
7.3.1 Yield Line Analysis 
The yield line analysis presented uses a simplified approach which assumes that the yield 
lines form in straight lines. This assumption is appropriate for the four-bolt connections 
since the mechanisms that form are relatively simple, with a straight-line representation 
of the yield lines being sufficiently accurate. For the eight bolt connections, which often 
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fail in complex yield patterns, the simplification of straight yield lines is not appropriate, 
resulting in yield moments which are inaccurate and overestimate the observed 
serviceability and ultimate moments. However, it is thought (although not investigated 
fully in this thesis) that the analysis may be refmed through the use of more complex 
yield line analysis, possibly involving curved yield lines. 
Although the yield line analysis presented in this thesis is based on simplified linear 
patterns, excellent accuracy was achieved in predicting the yield and ultimate moments 
for the four-bolt connections. Conversely, for the eight bolt connections, where the yield 
patterns were more complex, the theoretical predictions for yield loads were generally 
higher than those observed experimentally. The yield line analysis, however, was used in 
the cumulative modified stub-tee connection model, and provided relatively accurate 
predictions of the ultimate moment for the eight-bolt connections. 
7.3.2 Stub-tee Analogy 
The stub-tee analogy has been used extensively for modelling the behaviour of moment 
end plate connections joining !-sections, with extensive published documentation in 
existence. The stub-tee analogy assumes that the tensile flange of the beam section and 
the adjacent end plate acts as a stub-tee. The effect of the web on the behaviour of the 
stub-tee is ignored. 
In the stub-tee model for tubular end plate connections, the effect of the webs can no 
longer be ignored, as they generally have the same thickness as the flanges and are 
positioned in such a marmer that they prevent the idealised stub-tee plastic mechanism 
from forming. The modified stub-tee analogy presented in this thesis has been adapted for 
the geometry of tubular end plate connections. The stub tee analogy accounts for yielding 
in the end plate, yielding of the bolts, and prying forces. 
The theoretical model for the four-bolt connection is based on a one-dimensional pattern 
of yield lines forming transversely across the end plate. In the tests, both one and two-
dimensional patterns of yield lines were observed. For those tests which formed a one-
dimensional yield line pattern, the model predicted the connection capacity with excellent 
accuracy. For those tests characterised by inclined yield lines (in a two-dimensional 
pattern) the model was not directly applicable so a simple "equivalent width" 
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modification was proposed. Despite the latter modification, the prediction of the test 
capacities that entailed two-dimensional yield line patterns was not as reliable as for the 
tests characterised by a one-dimensional yield pattern. 
7.4 NUMERICAL ANALYSIS 
Numerical studies into the behaviour of both the eight-bolt and four-bolt connections 
were carried out using the commercially available fmite element package ABAQUS. 
Three-dimensional finite element models of the connections were developed using the 
PATRAN pre-processor, with the models considering the effects of both material non-
linearities and the geometric non-linearities. 
To promote accurate modelling of the connection, four individual components were 
initially modelled independently. These components were the beam section, the end plate, 
the weld and the bolts. To further ensure the development of a reliable model, the 
numerical behaviour of a number of these individual components was compared with 
experimental results. To model the physical connections properly, it was also essential to 
model the contact and separation which occurs between adjacent surfaces. 
The appropriateness of the model, and its ability to predict the behaviour of the end plate 
connections, is determined by comparing the numerical results to the results obtained 
from the experimental programme. These comparisons demonstrated that generally the 
ultimate loads of the connections were predicted accurately. The predicted moment-
rotation behaviour was quite accurate for the four-bolt connections, but less so for the 
eight-bolt connections for which some discrepancies in stiffness were observed. 
The four-bolt connections demonstrated excellent agreement between the numerically 
predicted and actual connection moment-rotation behaviour. Similarly, the deformations 
of the end plates and the yielding patterns were also reproduced accurately in the 
numerical models. The effects of bolt position and end plate thickness on the failure mode 
and pattern of yield lines was clearly evident in the numerical simulations. 
The predicted behaviour of the eight-bolt connections showed good correlation with the 
experimental results for the ultimate capacities. However, significant stiffening was 
observed in the moment-rotation responses of the connections that compressed stiffer end 
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plates. Although not investigated in this thesis, it is thought that this discrepancy in 
stiffness may be due to inadequate modelling of the bolts, which are subjected to both 
tensile and flexural loading. 
The numerical studies highlighted the need for adequate mesh refinement, particularly in 
the end plate, in order to accurately predict the moment-rotation response of the 
connection. Also studied was the effect of initial end plate deformations, which result 
from heat input during fabrication of the connections. It was demonstrated that the 
introduction of these initial deformations in the finite element models does not alter the 
ultimate capacities but considerably softens the moment-rotation behaviour of the 
connection. The initial deformations are thus essential in the accurate modelling of the 
connection behaviour. 
The numerical results presented in this thesis demonstrate that accurate predictions of the 
behaviour of tubular moment end plate connections are possible using commercially 
available fmite element packages. The achievement of accurate simulations, however, 
requires care in the modelling of each connection component and ensuring that the mesh 
is sufficiently refmed. 
7.5 DESIGN MODEL 
Currently, documented design models for moment end plate connections subjected to 
pure flexural loading have been limited to connections comprising !-sections. While some 
models for end plate connections joining tubular members have been presented, they are 
limited to connections subjected to axial tension or combined bending and axial 
compression. 
Two models for predicting the ultimate moment capacities of bolted moment end plate 
connections in tubular members are presented in this thesis. While both the models use 
similar theories, it is recognised that the behaviour of the connection is highly dependent 
on the number and positioning of the bolts. Consequently, two separate models are 
presented in this thesis for the four and eight bolt connections. In both models, three types 
of behaviour are identified depending on the thickness of the end plate and the applied 
load. These types of behaviour are identified as thick, intermediate and thin end plate 
behaviour. For design purposes, the ideal behaviour of the connection is assumed to be 
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intermediate end plate behaviour, which comprises the combined failure of end plate and 
bolts. This preferred failure mode enables the design of a connection that has sufficient 
ductility to prevent brittle failure, while on the other hand not producing an ineffective 
overly flexible connection. 
While failure of the end plate in bending and of the bolts in tension was the common 
mode of failure of the connections tested, a number of eight-bolt specimens also failed as 
a result of plate tearing around the section. This failure mode is defmed as punching shear 
failure, and a relevant model for its prediction has also been presented in the thesis. 
7.5.1 Four Bolt Connection Design Model 
The four-bolt connection design model presented is limited to connections that contain no 
more than two rows of bolts parallel to the axis of bending. The first row is above the 
section while the second is below the section. The accuracy of the model is dependent on 
the position of the tensile bolts in relation to the section webs. It is preferable that the 
connection have at least one bolt between the webs of the section, forcing the formation 
of yields lines parallel to the axis of bending. 
The model presented is able to predict both the serviceability limit and ultimate moments 
of the connection. The serviceability limit moment is predicted using yield line analysis, 
while a modified stub-tee method is used to determine the ultimate moment. 
To enable the design of connections, four equations are presented enabling the calculation 
of the required end plate thickness or moment capacity for both the serviceability and 
ultimate moments. 
7.5.2 Eight-bolt Connection Design Model 
The eight-bolt model comprises eight bolts placed in a doubly symmetric pattern around 
the perimeter of the section. While the design model is based on the modified stub-tee 
method used for the four-bolt connection, the added complexity introduced by the 
different bolting configuration required significant alterations to account for the two 
dimensional behaviour. The model presented in this thesis predicts the ultimate capacity 
of the connection by summing the contributions of a number of stub-tees. 
226 
7.6 FUTURE RESEARCH 
7.6.1 Experimental Research 
Analysis of the connection test data highlighted a number of shortcomings in the 
experimental results, which include the following. 
• The experimental data presented for the eight-bolt connections are 
insufficient to adequately verify the cumulative stub-tee design model. 
Only thick plate and intermediate plate behaviour was observed in the 
tests. It would be advantageous to perform additional tests using thinner 
end plates to verify the effectiveness of the model for thin plate behaviour. 
• The effect of the variation in beam cross-section shape was investigated, 
but further studies need to be carried out to determine the effect of varying 
bid ratios, with respect to the formation of yield lines, and their 
corresponding effects on the punching shear failure. 
• The experimental work carried out was limited to connections containing 
only one bolt size. As the bolt size is believed to have a significant effect 
on the connection behaviour, additional tests with varying bolt size are 
desirable. 
Generally, the tests carried out for this thesis enabled the development and verification of 
theoretical and numerical models for two given connection configurations. Determination 
of the behaviour of connections of significantly different configuration will require the 
corresponding experimental work to verify the accuracy of the models. 
7.6.2 Theoretical Research 
While the theoretical models developed in this thesis accurately predict the behaviour of 
the connections, additional research is required in areas such as determination of yield 
line patterns, punching shear and the behaviour of the bolts. 
The yield line analysis presented consists of simple linear patterns, generally ignoring the 
effect of the fillet weld and the round comers of the beam sections. Refmement of the 
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yield line patterns to consider these effects, and the possible use of curved yield line 
patterns, should increase the accuracy of the model significantly. Accurate determination 
of the load required to form a plastic hinge would also be advantageous. 
The punching shear model presented in this thesis is very simple and has only been 
verified with a limited number of tests. In the eight-bolt square hollow section tests with 
the more flexible end plates, the end plate regions adjacent to the comers of the sections 
were subjected to extensive bending and shear stresses which resulted in punching shear 
failures adjacent to the tensile comers of the section. A more complex model for 
punching shear needs to be developed that considers combined effects of bending and 
shear in the end plate. 
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Appendix A. 
WELDING 
A.l INTRODUCTION 
As the SHS and RHS sections used in the experimental program described in this thesis 
were compact, the welds joining the section to the end plate must be able to develop 
stresses beyond the yield stresses of the beam section. Initial testing on connections 
fabricated using the welding facilities at the University of Sydney demonstrated the 
difficulty in obtaining full penetration butt welds, with all the initial connections failing in 
the weld prematurely and in a brittle manner. These welding problems were overcome 
through the use of an independent fabricator to develop a welding procedure and to carry 
out the welding of the end plates to the beam sections. 
A.2 WELDING PROCEDURE 
Welding procedures may be pre-qualified by Clause 4.3 of the Australian I New Zealand 
Standard AS/NZS 1554.1 (Standards Australia, 1995). The joint preparation, welding 
consumables, workmanship and welding techniques need to be pre-qualified to AS/NZS 
1554.1 and are summarised in a welding procedure sheet. 
To ensure the welds were of adequate quality, the butt welds joining the end plate to the 
beam sections for tests described in Chapter 2 were carried out by an independent 
fabricator, R. K. Engineering, following the Procedure RKE- 138 given in Figure A. I. 
The use of this fabricator and welding procedure avoided premature weld failures and 
enabled other failure modes such as bolt failure, section failure, punching shear or 
excessive deformations to develop. 
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;'C'r.lilt~~~·= 
R.K. ENGINEERING PTY LTD 
RK 
• 
QUALITY ASSURANCE MANUAL SHEET NO.: 
. 
WELDING PROCEDURE SECfiON: 4 
W.P. NO.:RKE • 138 REVISION: A DATE: 31 August 1994 
WELDING STD/SPECIFICATION: AS 1554.1 • 1991 SP Category 
MAT'L SPEC./CODE: AS 3678 • GR350 • THK. RANGE:7.5·24 mm • 
JOINT PREP: Table 4.~(D) H-C 4a METHOD: Flame cut/hand dress./mach. 
WELDING POSmON: Horizontal WELDING PROCESS: G.M.A.W. 
FILLER MAT'L: "AUTOCRAFT L WI" CLASSIFICATION: AS 2717.1 • 1984 
0.9 mm Dia (ES4-GM-W 503H) 
SHIELD COMPOSmON: Argoshield 50 FLOW RATE: 15 • 18 L/min 
PREHEAT TEMP: 50 C INTERPASS TEMP: 150 C P.H. TEMP: N/A 
INTER-RUN PROCEDURE: Remove slag-wire brush 
PASS/ AMPS VOLTS POL STICK WIRE ARC HEAT 
SIDE OUT FEED TRAVEL INPUT 
No. mm mm/min mm/min Kj/mm 
1&2/1 255 26 +Ve 25 8 500 395 1.00 
3&6/1 200 23 .. .. 8 000 333 0.83 
4&5/1 255 26 .. .. 8 500 490 0.81 
QUt.!.IFI!:;ATIQ~ B.EQ!lJBEMENTS 
DYE.PENE. • N/A 
HARDNESS TEST • Rep.No. NT94-0716 H VISUAL • Rep.No. Q.R. 26/8/94 
MACRO • Rep.No. NT94-0716 STRESS REL. • NIA /"'71 
R.K.E. Rep.: F.KRIZ APPROVAL DATE: ~-f-. '1/ S£,/, 
CLIENT/Rep.: 
6/'lt,:r~ 
WELDER NAME: B. MOO: 1 A. WHEELER z:t,,., 
/ 
SKETCH I PASS SEQUENCE 
A I ~D( l 
\ 
:: 
i 
.. 1-S AA)( II 
' . 
Figure A.l-Welding Procedure 
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Appendix B. 
EXPERIMENTAL RESULTS FOR 
EIGHT-BOLT (TYPE A) 
CONNECTIONS 
B.l INTRODUCTION 
The results of the experimental program for the 10 eight-bolt cormections are presented in 
this Appendix. For each test, three graphs are provided as summarised in the following 
sections. 
B.2 MOMENT ROTATION CURVES 
Two moment-Rotation Curves for each cormection are presented in Figures B. I to B.IO. 
The section rotations ( B,) are calculated using the strain gauges located on the top and 
bottom of the section as outlined in Chapter 2. The cormection rotations (Be) are defined 
using the lateral transducers as described in Section 2.3.2.1. 
The moment-rotation curves for the cormections with end plates sufficiently stiff to cause 
the section to yield demonstrated a decrease in the rotation at high moments. This 
decrease is due to the fact that the rotation measurements are based on a linear 
relationship between the strain in the top and bottom of the beam. As the beam yields this 
relationship no longer holds, with additional strain being generated in the bottom flange 
of the beam thus distorting the overall cormection rotations. 
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B.3 BOLT BEHAVIOUR 
The behaviour of the bolts with respect to the connection moments are detailed in 
Figures B.ll to B.20. Although measured strain in the load cells does not give a direct 
correlation to bolt load, as discussed in Chapter 2, they do give an indication of the 
relative magnitudes of the bolt loads. 
B.4 END PLATE SEPARATION 
The end plate separation versus the connection rotation are presented in Figures B.21 to 
B30, demonstrating the linear relationship between these two parameters. 
240 
120 
100 
,_ 80 a 
~ 
... 60 
= .. 
a 
~ 40 
20 
0 
/ .. --\-···· 11. I l : II 
l I _.- · I 
! 1/ 
'/ I 
• I 
: ' 
. ' y ' I I 
' ' I I T•"' #I • I 
· ...... Section _ 
. . . . .. I ... I ... I ... ! .... ~T. . 
0 O.Dl 0.02 0.03 0.04 0.05 0.06 0.07 0.08 
Rotation (rad) 
Figure B.1: Moment-Rotation Curves for Test #1- SHS, tp= 16 mm, s0 = 35 mm 
140 
I ! 
' 120 .. .. -
i 
100 
,_ 
a ;g 80 
... 
= 60 .. a 
Q 
~ 40 
' 
-----' //v i i I ' 
r I ~ : I I 
Test #2 
' I I 
20 ...... Section 
0 
: 
j -Connection 
. I j 
0 0.005 0.01 O.Dl5 0.02 0.025 O.o3 O.o35 O.D4 
Rotation (rad) 
Figure B.2: Moment-Rotation Curves for Test #2- RHS, lp = 16 mm, s. = 35 mm 
241 
'"' a 
~ 
'-' 
-= .. 
a 
Q 
~ 
120 
100 
80 
60 
40 
20 
0 • 
0 
! 
' i 
! 
f/ 
if 
I 
I 
/ 
~ f..--
. 
0.01 0.02 
I 
; 
I 
I I 
i 
I 
I 
Test #3 I 
' 
...... Section ' I 
--Connection 
I j 
0.03 0.04 0.05 0.06 0.07 0.08 
Rotation (rad) 
Figure B.3: Moment-Rotation Curves for Test #3 - SHS, lp = 12 mm, s0 = 35 mm 
120 I 
.. ····· v-·· 
100 
'"' 
80 a 
~ 
'-' 
-
60 
= .. a 
/ 
// 
!I 
i 
Q 
~ 40 
Test #4 
20 I 
...... Section 
-Connection 
0 J J I 
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 
Rotation (rad) 
Figure B.4: Moment-Rotation Curves for Test #4 - SHS, fp = 20 mm, s0 = 35 mm 
242 
140 
l I 
120 I 
I 
100 
.-, 
a 
~ 80 
... 
= 60 
" a 
= ~ 40 
I I 
I 
----
1- ! 
I 
/ I I 
!/ VI 
v ' 
20 
./ ! i Test #5 
I i ' I ...... Section 
.. .l ... . .. I ... j i -Connection I . . . . .. I ... J ... J • . . • •• 0 . 
0 0.005 O.oi O.oi5 0.02 0.025 0.03 0.035 0.04 0.045 0.05 
Rotation (rad) 
Figure B.5: Moment-Rotation Curves for Test #5 - RHS, fp = 12 mm, So= 35 mm 
140 
120 
100 
a 
~ 80 
... 
= 60 
" a 
= 
.. v I I l I I . --· ! I / .. / i 
1/ . ____j ' 
I !I I I 
!I I 
I I ! 
~ 40 ' 
! Test #6 I 
I 
20 -- .... Section 
-Connection I j J 0 
0 0.005 O.Ql 0.015 0.02 0.025 0.03 O.Q35 0.04 0.045 0.05 
Rotation (rad) 
Figure B.6: Moment-Rotation Curves for Test #6 - RHS, lp = 20 mm, s0 = 35 mm 
243 
120 
100 
,_._ 80 a 
~ 
._, 
... 60 
= 
1/i i I ' •' ' .··· I 
/I i ' i I 
!/ ' 
' 
.. 
a ' 
0 
::; 40 ' 
' ' 
i 
I Test #7 
I 
I I I 
20 ' ...... Section 
-Connection 
0 . . •-----
j j 
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 
Rotation (rad) 
Figure B. 7: Moment-Rotation Curves for Test #7 - SHS, lp = 16 mm, s0 = 25 mm 
120 
I 
I 
! 
100 i 
,_._ 80 a 
~ 
._, 
... 60 
= .. a 
0 
::; 40 
20 
I ~ -I ' 
------
! 
// v I ' I I 
r I 
-·· 
' I Test #8 
I I I I I ...... Section 
I -Connection 
0 i I I 
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 
Rotation (rad) 
Figure 8.8: Moment-Rotation Curves for Test #8 - SHS, lp = 16 mm, s0 = 45 mm 
244 
140 
120 
100 
~ 
e 
~ 80 
.... 
= 
....... ···· 
"L./--l-------
I 
I 
I 
----v .. I 
_; / 
I I 
U! 
I 
I 
60 .. e 
Q 
::; 
40 
I I 
: Test #9 
I I 
20 : ___ j_j-~_,, .......... Section I - Connection j I 
0 ' 
0 0.005 0.01 O.Q15 0.02 0.025 0.03 O.Q35 0.04 0.045 0.05 
Rotation (rad) 
Figure B.9: Moment-Rotation Curves for Test #9 - RHS, tp = 16 mm, s0 = 25 mm 
140 
I 
I 
120 
100 
a 
~ 80 
.... 
= 60 .. e 
Q 
::; 
40 
/ i I I 
-
I 
---
! 
/ ------' I 
I 
!/ Test #10 --j I I 
.......... Section 
20 
- Connection 
0 • . . . ... . .. . . . 
j j 
0 0.005 0.01 0.015 0.02 0.025 0.03 O.Q35 0.04 0.045 0.05 
Rotation (rad) 
Figure B.10: Moment-Rotation Curves for Test #10- RHS, tp= 16 mm, so= 45 mm 
245 
3500 
t I 
-- ---------
3000 t I 0 8 0 1 I o Bolt 1 A Bolt2 
- 2500 1:: 
71 o I I o 12 M Bolt 3 • Boh4 ! 
d 
·-co: 
2000 ~ I o 13 ~ 6 0 o Bolt 5 1 Bolt 6 ...... rJ:/ 
I ~ I I 0 0 5 0 4 Boll7 • Bol.t 8 ~ y 1500 ~ .... 
8 Test #1 
._, 
c 1000 
·-~ 
~ 
...... 500 00 
-
-~ 
u 0 
-500 i 
- - ~ & 1!1 ! "'0 I c\Q 
• 
zp 
' 1~ 8D ~ ; ~ .... - 1 
0 
I 
~ 
-1000 
-1500 I I 
Moment (kNm) 
Figure B.ll: Moment versus Strain in Load Cells- Test #1 
3000 
L I 
0 8 0 1 I o Bolt 1 A Bolt 2 
25oo -l 7 or 2 l 0 M Bolt 3 • Bolt 4 
...-.. 
• 
c 
·-~ 2000 +- 6 ol I o 13 o Bolt 5 1 Bolt 6 ~ 
...... 
VJ 
I ~ I 0 5 0 4 I Bolt 7 • Bolt 8 0 
I. 1500 y 
·- t Test #2 8 
._, 
Q 1000 
·-~ 
I. 
...... 
00 
-
500 
-~ 
u 
"0 0 
~ 
0 
' 
zo 4P - - 60 l @Q .~110 I ~ . -
-500 
- 1000 ' I I I 
Moment (kNm) 
Figure B.12: Moment versus Strain in Load Cells -Test #2 
246 
3000 
.. 
2500 J:_ 0 8 0 1 I o Bolt I 6 Bolt 2 
7 o r l 0 2 )( Bolt 3 
--
-
• Bolt 4 
= 2000 
·-~ E 6 I o I 3 o Boll5 1 Boll 6 
""' 
0 
.... 
(I) 1500 T I I 0 5 0 4 I Q Bolt 7 • Bolt 8 
""' CJ 1000 E 
·- Test #3 a 
'-' 
= 500 
·-~ 
""' 
.....- 0 00 
i - CJ - %) l!l tt 
-
M 
I 6o ~ I 4lt. ~-A 
I 
u -500 
100 d o 
"0 
~ 
0 -1000 
~ 
-1500 
-2000 I ' I ' ' 
Moment (kNm) 
Figure B.13: Moment versus Strain in Load Cells - Test #3 
3000 
.. 
0 8 0 1 I o Bolt I 6 Bolt 2 
2500 .;_ ' 
11 o r 2 ) 0 )( Boll3 • Bolt 4 
--
• 
c 
2ooo T 6 ·-~ 0 I o 13 e Bolt 5 1 Bolt 6 
""' 
.... 
(I)
I 1500 .,t_ I 0 5 0 4 I Bolt 7 • Bolt 8 0 
""' CJ 
'§ 1000 t Test #4 
'-' 
c 
·-~ 500 
""' 
.....-
00 
-
- 0 ~ 
u t 20 - • • .. . 60 80 1@0 1 
"0 
-500 ~ 
Q 
~ 
-1000 
-1 500 1 I I 
Moment (kNm) 
Figure B.14: Moment versus Strain in Load Cells- Test #4 
247 

2000 
l 
0 8 0 1 I o Bolt I 6 Boll 2 
I 
,-, 1500 I 1 1 o r I o 1
2 
x Bolt 3 liE Bolt 4 
.9 t 61 0 I 0 13 e Bolt 5 1 Bolt 6 ~ ;... 
~ 
~ 1ooo L I I • Bolt 8 I 0 5 0 4 Bolt 7 0 ;... 
(J 
t ·- Test #7 5 
'-"" 
::::; 
·-
500 
~ ;... 
~ 
00 
-
- 0 <!.> 
u o.no 20~® M M ••• '-tiel g 2 1' ~Of()~ A ,., - 80100 100.00 120.00 
"'0 
C'l: 
0 
~ -500 
-1 000 I 1 1 I 
Moment (kNm) 
Figure B.17: Moment versus Strain in Load Cells- Test #7 
3000 
.. 
I 
0 v 0 1 I o Bolt I 6 Bolt 2 
2500 ..L 
7 or I o 2 x Bolt 3 liE Bolt 4 
,-, I 
c 
·- 2000 ol I o 13 e t 6 e BollS Bolt 6 ~ 
C"-1 
I 1500 .L I 0 5 0 4 I Bolt 7 • Bolt 8 0 
;... 
(J 
'8 1000 t Test #8 
'-"" 
.9 
C'l: ;... 500 
~ 
00 
~ 0 
u t 2D 4P IJIIJ" u ::t!'! 1560 QU ~- 8'0 1@0 1 
"'0 
eo: -500 
0 
~ 
-1000 
-1500 1 I I 
Moment (kNm) 
Figure B.18: Moment versus Strain in Load Cells -Test #8 
249 
3000 
.. 
ov 0 1 I o Boll I 6 Bolt 2 
2500 ..t- 2 7 0 ( l 0 x Bolt 3 * Bolt 4 
~ -
.9 2000 t 61 o I ~ I 0 13 a BollS Bolt 6 I. 
-c:l) 
1500 ..t_ I I 0 5 0 4 I Bolt 7 • Bolt 8 0 
I. 
CJ 
'8 1000 t 
....._, 
Test #9 
c 
·-~ 500 I. 
-rJ) 
-
- 0 Q,) 
u t 20 - - •48- i : ! ~0 ; go l(j)Q . : 120 l 
"0 
~ -500 
0 
~ 
-1 000 
-1500 I I 
Moment (kNm) 
Figure B.19: Moment versus Strain in Load Cells -Test #9 
3000 
L ' 
0 8 0 1 I o Bolt I 6 Bolt 2 
2500 L 7 0 0 2 x Boll 3 * Bolt 4 I I JD __ W! • 
I= 
-. 
.; 2000 t- 6 I o 13 o Bolt 5 1 Bolt 6 0 
""" 
..... 
tsoo F I 0 5 0 4 I Bolt 7 • Bolt 8 1'.11') I 
0 
t... 
(J F Test # IO . 
·-8 1000 
-
.9 
~ 500 t... 
..... 
rJJ 
-...... ~ 0 u 
"'0 • ·m• ' e s ... ~ t5 rm . 60 80 I@O 
' 120 I 
~ 
0 
-500 ~ 
- 1000 . j . 
-1500 ' I I 
Moment (k.Nm) 
Figure B.20: Moment versus Strain in Load Cells- Test #10 
250 
8 
.. I 
.. 
7 
.-.. 
s 
• 7 ... 
• 
• 
8 6 ...._ • 
"' ~ 
5 
= 0 
·-...... ~ 
4 :... ~ 
c. 
Q,> 
Cf1 3 ~ 
...... 
~ 
-~ 2 
"'0 
= ~ 1 
.. / • • 
• / • 
• Test #1 / 
• v .. ~ 
,.,#" 
~ / ~ 
~ ~ 
.. 
.. v 
! 
~ ' 
.. 
.. 
~ 
~ 
• • • • • • • • • • • • • • • • • • • • • T 0 • 
0 0.0 l 0.02 0.03 0.04 0.05 0.06 0.07 
Connection Rotation Be (rad) 
Figure B.21: End Plate Separation versus Connection Rotation- Test #1 
6 
.-.. 5 5 
e 
...._ 
VJ 
~ 4 
= 0 
..... 
...... 
~ 
I' v !- / • 
~ / 
• / • I 
I / • ~ 
Test #2 .. 
:... 3 ~ 
c. 
~ 
Cf1 
I" 
~ 
Q,> 2 ...... ~ 
-~ 
""0 
= 1 ~ 
.. L 
~ ! ~ .. 
r / 
• 
_/ 
0 • • • i • • • • • • • .t t • • • • • • • • 
• I 
0 0.005 0.0 1 0.015 0.02 0.025 0.03 0.035 0.04 
Connection Rotation Be (rad) 
Figure B.22: End Plate Separation versus Connection Rotation - Test #2 
251 
12 -
~ 
~ 
,-... 10 5 
5 
.._ 
~ 
.... 
~ 
~ 
"' 
~ 
~ 8 
= 0 
·-...... C': 
... 6 C': Q.-
~ 
00 
~ 4 ...... 
~ v -
~ 
~ / 
~ Test #3 v 
~ 
~ I / 
C': 
-~ 
"0 
= 2 ~ 
~ v 
~ / io 
. .-' 
./ ~ 
.......--
~ I ~ 
I I I I I a a a a a • I I ~ ~ . . . I I I I I I : I I I I I I i I I I 
• I I I I I • 
0 
• 
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0. 1 
Connection Rotation Be (rad) 
Figure B.23: End Plate Separation versus Connection Rotation -Test #3 
1.8 
~ 
~ 
1.6 ~ i 
,-... 
5 
e 1.4 
.._ 
"' ~ 1.2 
= 0 
·-...... I ~ 
... 
C': 
c. 0.8 OJ 
• ~ ..... 
' ~ ~ ~ 
I" l 
• 
../ • 
• _.;• 
I" v I" 
• .... 
• Test #4 /I • • 
. 
' 
00 • 
• 
~ 0.6 ....... ~ 
-~ 
"0 0.4 
= ~ 
0.2 
• / 
• ..A A 
• L_ l 
• 
• r 
• L_ • 
.r • 
0 
• 
_,_£ ~ • 
• •• • • • • • • • • • I I I 
0 0.002 0.004 0.006 0.008 0.0 I 0.012 0.014 
Connection Rotation Be (rad) 
Figure B.24: End Plate Separation versus Connection Rotation - Test #4 
252 
4.5 
~ 
4 
6 
E 3.5 
'-' 
"' ~ 3 
~ ~ loo 
• / • • 
• / r' • 
• 
c • 
0 • 
·-...... 2.5 cq 
'-
• ' 
• 
r 
C": • 
c.. 2 ~ 
00 
• 
• Test #5 ! 
• 
~ 1.5 ...... 
C": 
-~ 
"0 1 
= ~ 
0.5 
• / 
• / I ' ' • • 
• L v-• • 
• .¥" 
• 
0 ~ • • • • • • • • • • • • • • • • • 
0 0.005 0.01 0.0 15 0.02 0.025 0.03 
Connection Rotation Be (rad) 
Figure B.25: End Plate Separation versus Connection Rotation -Test #5 
2 
I 
• 
1.8 • 
• • 
..-.. • E 1.6 
E 
'-' 
"' 
1.4 
• r 
~ ~ 
~ / ~ 
~ 
c 1.2 0 
·-
..._ 
~ 
J. l C": 
c.. 
~ 0.8 00 
~ 
...... 
~ 0.6 
-
~ A 
~ 
~ 
~ Test #6 / v ~ ~ 
~ I ' / 
.,. 
~ 
~ 
~ / I ' ~ I~ , 
~ ~ 
• 
"0 0.4 ,.. 
-~ 
• /' 
• -""' 
• 
0.2 • 
• 
... ...II 
. ,.... ~ 
. ..... . . ; • • • • • J. . • • • • • • • • • • • • • • • 0 
• • 
0 0.002 0.004 0.006 0.008 0.0 l 0.012 0.014 0.016 
Connection Rotation Be (rad) 
Figure B.26: End Plate Separation versus Connection Rotation - Test #6 
253 
1.8 
~ 
~ 
1.6 
,-... 
e 
E 1.4 
'-' 
"' ~ 1.2 
d 
0 
.... 
..... 1 ~ 
I. 
~ 
c. 0.8 
<U 
00 
~ ~ 
too Vl too too 
~ [) ~ 
~ 
.....- L 
too 
.... -
too / ~ 
~ / -..... ~ ~ 
~ Test #7 ~ 
<U 0.6 ..... 
eo: 
-
too 
I 
~ 
~ 
~ 0.4 
~ 
!- ~ 
= ~ 
0.2 
~ 
!-
~ 
~ /. ~ ~ -• ~ - ~ • • • • • • I I o a 0 a 0 " ' I I I ' • • • • 
-, I 0 
0 0.002 0.004 0.006 0.008 0.0 1 0.012 0.014 0.016 0.018 
Connection Rotation Be (rad) 
Figure B.27: End Plate Separation versus Connection Rotation- Test #7 
8 
~ 
io 
7 
io 
,-... 
E • • 
E 6 
'-' 
• 
"' 
• 
~ • 
• 
c 5 
0 
·-..... C"; 
4 I. ~ 
c. 
<U 
00 3 
<U 
..... 
C"; 
-~ 2 
~ 
c 
~ 1 
• 
~ Test #8 
io 
too /"' too 1- I 
~ / • 
,/ 
~ y io io 
• 
~ 
~ 
0 .. '. • • I I • • • • • • • • • • • • • • • 
0 0.0 I 0.02 0.03 0.04 0.05 0.06 0.07 
Connection Rotation Be (rad) 
Figure B.28: End Plate Separation versus Connection Rotation - Test #8 
254 
3 
~ l 
,-.. 2.5 8 
e 
~
~ / 1-
1-
• 
~ 
r.t) 
~ 2 
= 0 
·-.... ~ 
-
1.5 ~ 
~ -f 
• v 
v ~ Test #9 1- I / 
c.. 1-
~ 
00 .. 
~ 1 .... ~ 
-~ 
"'C 
c 0.5 ~ 
• 
1- / I 1- I 
lo I 
• 
• 
• I I I . . . • ~ ..IL _ .. _.,_ • • • • • • I o 0 • • • • • • • • • 
I 0 
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02 
Connection Rotation Be (rad) 
Figure B.29: End Plate Separation versus Connection Rotation - Test #9 
6 
- 5 6 
8 
~ 
lo I ! ... ~ 
/ ~ • 
~ v 
~ 
r.t) ~ 
~ 4 
Cl 
0 
.,.. 
....., 
~ 
lo 
~ 
-
3 ~ 
c.. 
~ 
00 
~ 2 .... 
~ 
~ 
Test # 10 / 
~ v ~ / ~ 
I 
-~ • 
• 
"'C 
c ] ~ 
~ 
7 
• 
• 
• 
0 • • I 0 I I 0 I I 0 0 • • • • • • • • • • • • • . - •-·-
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 
Connection Rotation Be (rad) 
Figure B.30: End Plate Separation versus Connection Rotation -Test #10 
255 
Appendix C. 
EXPERIMENTAL RESULTS FOR 
FOUR-BOLT (TYPE B) 
CONNECTIONS 
C.l INTRODUCTION 
The results of the experimental program for the 16 four-bolt connections are presented in 
this Appendix. For each test, three graphs are provided as summarised in the following 
sections. 
C.2 MOMENT ROTATION CURVES 
Two moment-Rotation Curves for each connection are shown in Figures C.l to C.l6. The 
section rotations ( B,) are calculated using the strain gauges located on the top and bottom 
of the section as outlined in Chapter 2. The connection rotations (Be) are calculated using 
the lateral transducers as described in Section 2.3.2.1. 
C.3 BOLT BEHAVIOUR 
The behaviour of the bolts with respect to the connection moments are detailed in 
Figures C.l7 to C.32. Although measured strain in the load cells does not give a direct 
correlation to bolt load, as discussed in Chapter 2, they do give an indication of the 
relative magnitudes of the bolt loads. 
C.4 END PLATE SEPARATION 
The end plate separation versus the connection rotation are presented in Figures C.33 to 
C.40, demonstrating the linear relationship between these two parameters. 
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Appendix D. 
LINEAR CORRELATION ANALYSIS 
D.l GENERAL 
This appendix describes the procedures used to establish if a series of points are linearly 
related in statistical sense. The theory is then applied to the relationship between the plate 
separation and connection curvature as described in Chapter 2. 
D.2 STATISTICAL ANALYSIS 
The linear correlation coefficient (r), based on a series of n points (Xi, Yi) can be calculate 
using (Freund 1988): 
sxy 
r= ~Sxx·Syy 
where S xx = L x; - .!.(L x, )', 
n 
syy = :Ll _.!.(Ly,)', 
n 
sxy = z:x,y, _.!.(Lx,XLy,) 
n 
D.! 
The result of lrl =I is indicative of a perfect linear fit, while a result of lrl = 0 indicates no 
linear correlation. Using a 5% level of acceptance, it can be said that if lrl < 0.975 there is 
no linear correlation. 
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D.3 APPLICATION 
In the present application using Xi = (BcJi (connection rotation) and Yi = (p5)i (plate 
rotation) the correlation coefficients (r) have been calculated for each test and are shown 
in TableD 1, where i represents a particular experimental reading during a test comprising 
n such points. For all tests, the correlation coefficient is greater than 0.975, thus 
confirming a linear relationship between connection rotation and plate separation. This 
relationship is shown graphically by the plots of connection rotation ( 05 ) vs. plate 
separation (p5) for the Type A tests in Appendix B (Figures B21 - B30) and the Type B 
tests in Appendix C (Figure C35 - C40). 
The relationship between plate separation (p5) and connection rotation (Be) can thus be 
expressed as 
P, =m·B c D.2 
The constant (m) is tabulated in Table Dl and has been derived using the method of least 
squares. 
D.3.1. Discussion 
The constant m derived in this appendix gives an indication of the end plate connection 
stiffness. Larger values of m indicate a more flexible end plate. 
The value of m is dependent on the dimensions of the end plate, which in turn are related 
to the depth of the section. This is demonstrated in Table D I, in which the eight bolt tests 
containing the SHS have values around 109, while the connections containing RHS have 
values of around 151, indicating additional flexibility in the RHS end plate. The values of 
m also vary as a result of changing the end plate thickness and bolt position. 
The four-bolt SHS connections have values of m around !50 and the corresponding RHS 
connections have values of around 185, again indicating that the end plates in the RHS are 
more flexible. 
The linearity of the plate separation - connection curvature relationship is demonstrated 
by the fact that in all tests the correlation coefficient as defined previously is 
approximately one, with a mean of 0.999 and a standard deviation of 0.002 
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Table Dl -Correlation Analysis Results 
Test Number Correlation Coefficient m 
Coefficient 
I 0.999 109.0 
2 1.000 150.9 
3 1.000 111.0 
4 0.995 110.3 
5 1.000 169.8 
6 0.998 153.0 
7 0.992 93.1 
8 1.000 126.8 
9 0.999 154.0 
10 1.000 157.8 
11 1.000 142.4 
12 1.000 137.6 
13 1.000 131.0 
14 1.000 182.1 
15 1.000 177.7 
16 1.000 159.9 
17 1.000 151.6 
18 1.000 153.7 
19 1.000 143.8 
20 0.996 192.1 
21 1.000 192.9 
22 1.000 186.8 
23 0.996 147.5 
24 1.000 145.5 
25 1.000 188.1 
26 1.000 196.1 
Mean 0.999 
STD.DEV 0.002 
--
279 
Appendix E. 
FOUR-BOLT CONNECTION 
YIELD AND ULTIMATE MOMENT 
CAPACITY PREDICTIONS 
E.l INTRODUCTION 
To obtain a relative comparison of the experimental results, to the theoretical results, the 
experimental Moment-Rotation Curves are again presented. In this appendix additional 
overlays of the bi-linear approximation used to determine the experimental yield moment, 
and the yield and ultimate theoretical capacities are presented on the Moment Rotation 
Curves. 
E.2 EXPERIMENTAL YIELD MOMENT 
As a result of the high non-linearity of the moment-rotation behaviour of the end plate 
connections, the actual "yield moment" of the connection may be difficult to define and 
determine. In this thesis, the yield moment of the connection (Mcy) is defmed as the 
intersection of tangents from the initial stiffness and the post yield stiffness. In 
Figures E.l to E.l6 these tangents have been overlayed on the experimental data and the 
corresponding yield moment determined. These results are tabulated in Table 2.5. 
E.3 CONNECTION CAPACITIES 
The connection capacities presented in this appendix are determined using yield line 
analysis for the yield moments, and the modified stub-tee analogy for the ultimate 
moments, as outlined in Chapter 3. These results are again overlayed on the experimental 
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results in Figures E.l to E.l6 giving a visual comparison of the various capacities. The 
corresponding capacities are defined as: 
Bolt Capacity - the computed ultimate moment capacity of the connection, as governed 
by bolt capacity, determined by substituting the measured material 
properties into Equations 3.27 and 3.33, whichever produces the lowest 
capacity. 
Plate Capacity - the computed ultimate moment capacity of the connection, as governed 
by the formation of a plastic mechanism in the end plate, determined by 
substituting the measured material properties into Equation 3.38. 
Bolt Yield-
Plate Yield -
the yield moment of the connection, as governed by bolt yielding, 
determined by substituting the measured material properties into 
Equations 3.7 and 3.10, whichever produces the lowest capacity. 
The yield moment of the connection, as governed by yielding of the end 
plate, determined by substituting the measured material properties into 
Equation 3 .II, 3.12 and 3.13, whichever results in the lowest value. 
The measured material properties given in Chapter 2, with the end plate and section 
materials defined in Tables 2.3 and 2.4 respectively, and the bolt properties summarised 
in Figure 2.6. 
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Appendix F. 
ABAQUS PREDICTIONS FOR 
FOUR-BOLT CONNECTIONS 
F.l Introduction 
In this appendix, the results of the numerical simulations of the four-bolt connections as 
detailed in Chapter 5 are presented and compared with the corresponding experimental 
results. 
F.2 Moment Rotation Behaviour 
The comparison of the numerically predicted and the experimentally measured moment-
rotation behaviour of the four-bolt connections are shown in Figures F.l to F.l6. The 
numerical analysis is deemed to have "failed" once the bolts reach a prescribed strain, or 
the connection rotations exceed the limit as detailed in Chapter 1. The correlation 
between the experimental and numerical results are very good, as discussed in Chapter 5. 
F.3 Bolt Loads 
Figures F.l7 to F.32 show comparisons of the numerically predicted bolt loads and the 
magnitudes of the load cell strains measured in the experimental programme. 
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Appendix G. 
ABAQUS PREDICTIONS FOR 
EIGHT-BOLT CONNECTIONS 
G.l Introduction 
In this appendix the results of the numerical simulations of the eight-bolt connections as 
detailed in Chapter 5 are presented and compared with the corresponding experimental 
results. 
G.2 Moment Rotation Behaviour 
The comparison of the numerically predicted and the experimentally measured moment-
rotation behaviour of the eight-bolt connections are shown in Figures G.! to G.! 0. The 
numerical analysis is deemed to have "failed" once the bolts reach a prescribed strain, a 
plastic moment forms in the section, or the connection rotation exceeds the limit as 
detailed in Chapter 1. The correlation between the experimental and numerical results are 
very good, as discussed in Chapter 5. 
The moment-rotation curves for the connections with end plates sufficiently stiff to cause 
the section to yield demonstrated a decrease in the rotation at high moments. This 
decrease is due to the fact that the rotation measurements are based on a linear 
relationship between the strain in the top and bottom of the beam. As the beam yields this 
relationship no longer holds, with additional strain being generated in the bottom flange 
of the beam thus distorting the overall connection rotation. 
G.3 Bolt Loads 
Figures G.ll to G.20 show comparisons of the numerically predicted bolt loads and the 
magnitudes of the load cell strains measured in the experimental programme. 
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Appendix H. 
EUROCODE3 
MOMENT-ROTATION CURVES 
H.l Predictions for Eight-Bolt Connections 
Using Annex J of Eurocode 3, the principles and theory outlined for the determination of 
moment-Rotation Curves for connections comprising I-sections may be adapted for use 
with rectangular hollow sections. Details of the model and its adaptations are given in 
Chapter 6. 
The moment-Rotation Curves for the eight-bolt connection, both measured and 
experimentally as derived from Annex J of Eurocode 3, are shown in Figures H. I to H.8. 
The non-linear method is used, which defines an ultimate load, at which the moment-
rotation plateaus, and an initial stiffness that varies non-linearly to the predefined ultimate 
moment. The material properties used to determine the connection behaviour are given in 
Table 2.3, with the plate dimensions listed in Table 2.2. In line with the recommendations 
of Annex J, the distance from the web and flanges to the line of bolts (s0 ) is corrected to 
consider the effect of the weld. 
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H.2 Predictions for Four-Bolt Connections 
The moment-Rotation Curves for the four-bolt connections, both measured 
experimentally and as derived from Annex J of Eurocode 3, are shown in Figures H.ll to 
H.26, corresponding to Test # 11 to 26. As in Section H.l, the material properties used to 
determine the connection behaviour are given in Table 2.3, with the plate dimensions 
listed in Table 2.2. The distance from the section flanges to the line of bolts (so) is 
corrected to consider the effect of the weld (Equation 3.14). 
As no bolts exist adjacent to the webs of the beam section in the four-bolt connections, in 
applying the Eurocode 3 Annex J model, the behaviour of the end plate is assumed to be 
identical to the behaviour experienced by a similar connection joining !-sections. 
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Appendix I. 
STRENGTH PREDICTIONS FOR 
ADDITIONAL EXPERIMENTAL 
WORK 
1.1 INTRODUCTION 
To demonstrate the effectiveness of the model developed in Chapter 3, in this appendix 
the model is used to predict the ultimate moments of connections tested in independent 
research programs. At the present time, very little experimental work has been reported 
on bolted tubular connection subjected to bending, and as a result only two additional 
relevant test programmes have been identified in the literature. Both of these test 
programs were the initiative of CIDECT, and were carried out by Petit, Plumier and 
Ronda! (1986, Research Programme 6B) and Mang (1980, Research Programme SA). 
In this chapter, the tests from the above programmes that meet the criteria of the 
connections detailed in this thesis are investigated. In the case of Mang (1980), the 
ultimate loads for 10 tests are determined and compared with the experimental results. In 
the case of Petit et al. ( 1986) both the ultimate load and the serviceability loads are 
determined and compared with the experimental for two tests. 
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1.2 MANG- RESEARCH PROGRAM SA 
The investigation by Mang into the behaviour of bolted end plate connections was carried 
out to investigate the strength and deformation behaviour of bolted end plate connections 
between rectangular hollow sections under axial, shear and moment loading. Variations in 
the connection parameters included the size, the number and position of bolts, the size of 
section and the thickness of the end plate. Of the 36 tests reported by Mang, only 10 were 
suitable for comparison with the connection model detailed in Section 6.3. These suitable 
test had two rows of horizontal bolts, one above and the other below the section flanges. 
The material properties used in the determination of the predicted connection loads were 
generally as defined in the experimental work. The tensile capacity of the bolts was taken 
as the average of the ultimate tensile loads tabulated, while the yield load of the bolt was 
assumed to be 80 % of the ultimate load. The actual yield stress and ultimate tensile load 
for the end plate material was not measured, and as a result the nominal yield stress 
(/y = 240 MPa) and ultimate tensile strength (/y = 3 70 MPa) are utilised in the model. 
The section capacities are determined as outlined in Section 6.4.1.4 utilising the section 
propertied determined from the coupon tests carried out with the experimental work. 
For all the connections the bolts were positioned so that yield line failure modes 
corresponded to Mechanism 2 or Mechanism 3 (Chapter 3), with the yield lines forming 
across the width of the end plate. The leg length of the weld (s) was equal to the section 
thickness. 
As the predicted load is being used as a comparison with experimental data, both the bolt 
and plate capacity factors ( ¢p and rfit,) were assumed to be unity in the calculations. 
The following section details the I 0 relevant connections, listing the dimensions of the 
end plate, along with the properties for the relevant bolt sizes. The connection capacity is 
then determined using Equations 6.14 and 6.17 for the bolt capacity and end plate 
capacity, respectively. 
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Mang - Test 112 
(Refer to Figure 6.9 for definitions of symbols) 
Section Details 
d= 265 mm 
b = 265 mm 
t, = 6.3 mm 
Plate Details 
Dp= 400mm 
W,= p 350mm 
t = p 20mm 
So= 30mm 
Compression 
r 
265 
L 
'"' 
265 --"""\ 
37.5 
0 
.I. 
0 1-fjo 
I-' 
6.3 T """'\ 
40 0 
~ 
0- .......: 
ae = 37.5 mm Tension 0 0 0 0 0 0 0 lJ 
as= 42.5 mm 
/y = 240 MPa 
fu = 370 MPa 
/up= 326.7 MPa 
L H 
350 ~
Figure 1.1 Connection Details for Test 112 
Bolt Details 
db= 16mm 
d1 = 18 mm 
n = 7 
Corrections for fillet welds 
d' = 269.46 mm 
so'= 25.55 mm 
Connection Capacities 
Bu = 171.5 kN.m 
By= 137.2 kN.m 
Bolt Capacity Mbu = 267.3 kNm 
End plate Capacity Mpu = 235.7 kNm 
Section Capacity M, = 229.5 kNm 
Equation 6.14 
Equation 6.17 
Equation 6.30 
The predicted failure mode for this connection is section failure at 229.5 kNm. 
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Mang - Test 1/3 
(Refer to Figure 6.9 for definitions of symbols) 
~ 150 
Section Details 
d= 300mm 
b = 150 mm 
Compression 
T 
? *0 ~ 
, 6.3 T , ~ I 
t, = 6.3 mm 
Plate Details 
Dp = 450mm 300 450 
W.= p 180mm 
tp = 20mm 
So= 35mm 
ae = 40mm 
a = 15mm s 
J__ 
Tension 0 0 0 I~ 
~ 180 _m /y = 240 MPa 
fu = 370 MPa 
fup = 326.7 MPa Figure 1.2 Connection Details for Test 1/3 
Bolt Details 
db= 20mm 
dt= 22mm 
n = 3 
Corrections for fillet welds 
d' = 304.56 mm 
so' = 30.55 mm 
Connection Capacities 
Bu = 261.0 kN.m 
By= 208.8 kN.m 
Bolt Capacity Mbu = 176.2 kNm 
End plate Capacity Mpu = 120.7 kNm 
Section Capacity M, = 177.3 kNm 
Equation 6.14 
Equation 6.17 
Equation 6.30 
The predicted failure mode for this connection is send plate failure at 120.7 kNm. 
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Mang - Test 114 
(Refer to Figure 6.9 for definitions of symbols) 
Section Details 
r---265 ----1 
d= 265 mm 
b = 265 mm 
t, = 6.3 mm 
Plate Details 
Dp = 420mm 
Wp = 350mm 
tp = 20mm 
So= 30mm 
ae = 42.5mm 
as= 17.5 mm 
Compression 
r 
265 
l 
Tension 
42.5 
0 0 1-ps J. 1-~ 
"/ 6.3 T ' 
4: 0 
~ ..--::: 
'0 0 0 0 }~.5. 
~ 300 ~ h = 240MPa 
fu = 370 MPa 
/up = 326.7 MPa 
Figure 1.3 Connection Details for Test 1/4 
Bolt Details 
db= 20mm 
d1= 22mm 
n = 4 
Bu = 261.0 kN.m 
By= 208.8 kN.m 
Corrections for fillet welds 
d' = 269.45 mm 
so'= 30.55 m 
Connection Capacities 
Bolt Capacity Mbu = 220.5 kNm 
End plate Capacity Mpu = 181.8 kNm 
Section Capacity M, = 229.5 kNm 
Equation 6.14 
Equation 6.17 
Equation 6.30 
The predicted failure mode for this connection is send plate failure at 120.7 kNm. 
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Mang - Test 1/5 
(Refer to Figure 6. 9 for definitions of symbols) 
Section Details 
d = 140 mrn 
b = 140 mrn 
t, = 7.1 mrn 
Plate Details 
Dp = 260 mrn 
W:= p 160 mrn 
t = p 20mrn 
So= 30mrn 
ae = 30 mrn 
as= 10mrn 
Compression 
Tension 
1140 ___, 
0 0 ~ 7.1 l 
260 T 140 
l_ 
30 
0 0 130 
~ !!..- 160 ~ /y = 240 MPa 
fu = 370 MPa 
/up= 326.7 MPa 
Figure 1.4 Connection Details for Test 1/5 
Bolt Details 
db= 20 mrn 
d1 = 22 mrn 
n = 2 
Corrections for fillet welds 
d' = 144.95 mrn 
s0 ' = 30.05 mrn 
Connection Capacities 
Bu = 261.0 kN.m 
By = 208.8 kN.m 
Bolt Capacity Mbu = 56.9 kNm 
End plate Capacity Mpu = 64.3 kNm 
Section Capacity M, = 78.9 kNm 
The predicted failure mode for this connection is bolt failure at 56.9 kNm. 
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Equation 6.14 
Equation 6.17 
Equation 6.30 
Mang - Test 116 
(Refer to Figure 6.9 for definitions of symbols) 
Section Details 
d= 200mm 
b = 100 mm 
t, = 6.3 mm 
Plate Details 
Dp = 350 mm 
W:= p 140mm 
t = p 20mm 
So= 35mm 
Ge = 40mm 
as= lOmm 
Compression 
Tension 
r-120-1 
40 
0 0 IPs I_,_ 
6.3 r 
200 350 
l 0 0 l 
H ~ ~140~ jy = 240MPa 
fu = 370 MPa 
/up= 326.7 MPa 
Figure 1.5 Connection Details for Test 116 
Bolt Details 
db= 20mm 
d1= 22mm 
n = 2 
Corrections for fillet welds 
d' = 204.45 mm 
so' = 30.55 mm 
Connection Capacities 
Bu = 261.0 kN.m 
By= 208.8 kN.m 
Bolt Capacity Mbu = 77.2 kNm 
End plate Capacity Mpu = 89.7 kNm 
Section Capacity M, = 103.7 kNm 
The predicted failure mode for this connection is bolt failure at 77.2 kNm. 
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Equation 6.14 
Equation 6.17 
Equation 6.30 
Mang - Test 1/7 
(Refer to Figure 6.9 for definitions of symbols) 
Section Details 
d= 160mm 
b = 90mm 
t,= IOmm 
Plate Details 
r 901 
3I] 0 0 Compression ~ I 
160 
Joi 
300 
Dp = 300mm L W:= 200mm p 
t = 20mm p 
So= 35mm 
0 0 l=ts Tension 
Ge = 35mm 
as= 55mm ~200~ 
Figure 1.6 Connection Details for Test 117 
/y = 240 MPa 
fu = 370 MPa 
/up= 326.7 MPa 
Bolt Details 
db= 20mm 
d1 = 22mm 
n = 2 
Corrections for fillet welds 
d' = 204.45 mm 
s0 ' = 30.55 mm 
Connection Capacities 
Bu = 261.0 kN.m 
By= 208.8 kN.m 
Bolt Capacity Mbu = 52.2 kNm 
End plate Capacity Mpu = 52.4 kNm 
Section Capacity M, = 66.3 kNm 
The predicted failure mode for this connection is bolt failure at 52.2 kNm. 
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Equation 6.14 
Equation 6.17 
Equation 6.30 
Mang - Test 118 
(Refer to Figure 6. 9 for definitions of symbols) 
Section Details 
d= 180mm 
b = 100 mm 
t, = 14.2 mm 
Plate Details 
Dp = 340mm 
W.= p 140mm 
t = p 25mm 
So= 40mm 
a = e 40mm 
as= 20mm 
Compression 
Tension 
IOOl 
0 ~~40 
r F 180 II I 340 
l 
I 0 0 I 
"'40 
/y = 240MPa 
fu =. 370 MPa 
/up = 326.7 MPa 
Figure I. 7 Connection Details for Test 1/8 
Bolt Details 
db= 20mm 
dt= 22mm 
n = 2 
Corrections for fillet welds 
d' = 190.04 mm 
s0 ' = 29.96 mm 
Connection Capacities 
Bu = 261.0 kN.m 
By = 208.8 kN.m 
Bolt Capacity Mbu = 87.1 kNm 
End plate Capacity Mpu = 89.0 kNm 
Section Capacity M, = 102.9 kNm 
The predicted failure mode for this connection is bolt failure at 87.1 kNm. 
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Equation 6.14 
Equation 6.17 
Equation 6.30 
Mang - Test 119 
(Refer to Figure 6.9 for definitions of symbols) 
Section Details 
d= 180 mm 
b = 180mm 
t, = 14.2 mm 
Plate Details 
Dp = 350 mm 
Wp= 230mm 
tp = 30mm 
So= 45mm 
ae = 40mm 
Compression 
Tension 
r-
80 
"---
r--180----1 
0 
40 
0 1- '45 
J, 1-~ 
/ 
14.2T ·" 
35 0 
./ 
-.-
45 
0 0 0 - ~ 
as= 25mm ~230~ 
h = 240MPa 
fu = 370MPa 
/up = 326.7 MPa 
Figure 1.8 Connection Details for Test 119 
Bolt Details 
db= 30mm 
d1 = 32mm 
n = 3 
Corrections for fillet welds 
d' = 190.04 mm 
s0 ' = 34.96 mm 
Connection Capacities 
Bu = 621.0 kN.m 
By= 496.8 kN.m 
Bolt Capacity Mbu = 196.0 kNm 
End plate Capacity Mpu = 262.6 kNm 
Section Capacity M, = 166.1 kNm 
Equation 6.14 
Equation 6.17 
Equation 6.30 
The predicted failure mode for this connection is section failure at 166.1 kNm. 
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Mang- Test 1/10 
(Refer to Figure 6. 9 for definitions of symbols) 
Section Details 
d= 200mm 
b = 200 mm 
t,= 16mm 
Plate Details 
Dp = 390mm 
Compression 
200----1 
14s 
I 0 0 
Wp= 250mm rlr I I I 390 
l \.. tp = 30mm So= SOmm 
ae = 45mm 
as= 15mm Tension 0 0 
40 230 40 h = 240 MPa 
fu = 370 MPa 
/up= 326.7 MPa Figure 1.9 Connection Details for Test 1/10 
Bolt Details 
db= 22mm 
d1 = 24mm 
n = 3 
Bu = 330.9 kN.m 
By= 264.7 kN.m 
Corrections for fillet welds 
d'=211.31mm 
s0 ' = 38.69 mm 
Connection Capacities 
Bolt Capacity Mbu = 191.6 kNm 
End plate Capacity Mpu = 207.8 kNm 
Section Capacity M, = 253.2 kNm 
The predicted failure mode for this connection is bolt failure at 191.6 kNm. 
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Equation 6.14 
Equation 6.17 
Equation 6.30 
Mang - Test 1/11 
(Refer to Figure 6. 9 for definitions of symbols) 
Section Details 
d= 265 mm 
b = 265 mm 
t, = 16 mm 
Plate Details 
Dp = 480mm 
Wp= 310mm 
tp = 30mm 
So= 55mm 
Ge = 55mm 
Gs = 22.5mm 
Compression 
r 
265 
1 
Tension 
0 
/ 
\.. 
0 
~ 
,-~ 
55 
0 1---c E-55 
~ 
-"-
I6T ,'\ 
480 
---cr-
55 
0 0 ---; E-55 
310 
~~~ 
5 
0 
/y = 240MPa 
fu = 370 MPa 
/up= 326.7 MPa Figure 1.10 Connection Details for Test 1111 
Bolt Details 
db= 27mm 
d1 = 29mm 
n = 3 
Bu = 501.2 k.N.m 
By= 401.0 k.N.m 
Corrections for fillet welds 
d' = 271.31 mm 
s0 ' = 43.69 mm 
Connection Capacities 
Bolt Capacity Mbu = 348.8 k.Nm 
End plate Capacity Mpu = 299.0 k.Nm 
Section Capacity M, = 367.4 k.Nm 
Equation 6.14 
Equation 6.17 
Equation 6.30 
The predicted failure mode for this connection is plate failure at 299.0 k.Nm. 
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1.3 PETIT ET AL. -RESEARCH PROGRAMME 6B 
The test programme of Petit et al. (1986) entitled "Tests on T Type Bolted Joints in 
Hollow Sections Intended to Transmit a Moment" investigated a number of different end 
plate connections. Sixteen tests were carried out using various combinations of end plates 
angles and rods passing through the column section. Of the sixteen tests, only two 
connections meet the criteria outlined in Chapter 6. 
Both of the connections which are similar in nature to those investigated in this thesis 
consisted of an end plate welded on to the column to which a similar end plate welded on 
the end of the beam section was connected. The physical constraints placed on the 
connection as a result of the continuous column meant that the bolts were not positioned 
within the webs on the section, and consequently yield line analysis is required to 
determine the equivalent width of the end plate. 
The material properties used to predict the ultimate and serviceability moments for the 
connections are generally taken from the experimental programme. The exception is the 
bolts for which material control tests were not conducted. The ultimate tensile strength of 
the bolts were assumed to be the same as that reported by Mang (1980). The tensile fail 
loads were therefore assumed to be 380 kN and 210 kN for the M24 and M18 bolts, 
respectively. The yield load of the bolts is assumed to be 80 percent of the ultimate load. 
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Petit et al. - T3 
(Refer to Figure 6.9 for definitions of symbols) 
Section Details 
d= 200mm 
b= lOOmm 
t, = 10 mm 
Plate Details 
Dp = 310mm 
Wp= 260mm 
tp = 20mm 
So= 15mm 
ae = 40mm 
Compression .---
2 
Tension -
r- 100-1 
0 J. 0 1 JOj 
230 3 10 
0 0 1 
as= 80mm 
h = 356 MPa 
fu = 526 MPa 
/up= 469.3 MPa 
1 1<---- 1so -1 1 
~260----1 
0 
Figure 1.11 Connection Details for Test T3 
Bolt Details 
db= 24mm 
d1 = 26mm 
n = 2 
Corrections for fillet welds 
d' = 208.49 mm 
s0 ' = 6.51 mm 
Connection Capacities 
Bu = 380.0 kN.m 
By= 304.0 kN.m 
s= 12mm 
Bolt Capacity Mbu = 173.1 kNm 
Mpu=319.3kNm 
Mbu = 130.9 kNm 
End plate Capacity 
Bolt Serviceability 
End plate Serviceability Mpu = 143.7 kNm 
Equation 6.14 
Equation 6.17 
Equation 6.14 
Equation 6.17 
The predicted ultimate failure mode for this connection is bolt failure at 173.1 kNm, 
while the governing serviceability limit is bolt serviceability at 130.9 kNm. 
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(Refer to Figure 6.9 for definitions of symbols) 
Section Details 
d= 200mm 
b = 100mm 
t, = 5 mm 
Plate Details 
Dp = 310mm 
Wp= 260mm 
tp = 20mm 
So= 15mm 
ae = 40mm 
Compression 
2 
Tension 
r- 100-1 
~ 
0 0 T 5 
230 31 0 
- 0 0 1 
as= 80mm 
h = 246 MPa 
fu = 432 MPa 
/up = 370.0 MPa 
I ~1so---4 I 
~260----1 
0 
Figure 1.12 Connection Details for Test T4 
Bolt Details 
db= 18mm 
d1 = 20mm 
n = 2 
Corrections for fillet welds 
d' = 204.24 mm 
s0 ' = 10.76 mm 
Connection Capacities 
Bu = 210.0 kN.m 
By= 168.0 kN.m 
s=6mm 
Bolt Capacity Mbu = 80.4 kNm 
Mpu = 87.3 kNm 
Mbu = 59.5 kNm 
End plate Capacity 
Bolt Serviceability 
End plate Serviceability Mpu = 39.2 kNm 
Equation 6.14 
Equation 6.17 
Equation 6.14 
Equation 6.17 
The predicted ultimate failure mode for this connection is bolt failure at 80.4 kNm, while 
the governing serviceability limit is endplate serviceability at 39.2 kNm. 
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